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Bulk sample Rock type Outcrop Analyses on the bulk samples Sub-samples Type of sample 
Analyses on the 
sub-samples 
Natural 
samples             
20b-00 pt in tonalite and 
cataclasite Lobbia XRF 20b-00-md   XRF 
        20b-00-sd   XRF 
07 162 mylonite Lobbia   07-162-umyl bulk myl   
99-D7 mylonite Lobbia   99-D7-umyl bulk myl   
50-00 cataclasite Lobbia XRF       
23-00 cataclasite Lobbia XRF       
2-99 pt in tonalite and 
cataclasite Lobbia   2-99-bt biotite separate TC/EA, CHN 
        2-99-pt pt separate TC/EA, CHN 
21-00 tonalite Lobbia     biotite separate TC/EA 
3-02 pt in tonalite Lobbia   3-02-bt biotite in tonalite TC/EA 
        3-02-pt bulk pt TC/EA, CHN 
     3-02-pt-c bulk pt TC/EA 
10-04 pt in tonalite Lobbia XRPD, FE-SEM 10-04-pt bulk pt TC/EA, CHN 
46-99 pt in tonalite and 
cataclasite Lobbia 
XRF, XRPD, FE-
SEM 46-99-cc bulk cc TC/EA, CHN 
        46-99-ptm-a bulk pt TC/EA, CHN 
        46-99-pt-a bulk pt TC/EA 
        46-99-pt-b bulk pt TC/EA 
        46-99-pt-c bulk pt TC/EA 
        46-99-pt-d bulk pt TC/EA 
24-00 pt in tonalite and 
cataclasite Lobbia XRF, FE-SEM 24-00-cc bulk cc TC/EA, CHN 
       24-00-pt bulk pt TC/EA, CHN 
32-00 pt in tonalite and 
cataclasite Lobbia 
XRF, XRPD, FE-
SEM 32-00-cc bulk cc TC/EA, CHN 
        32-00-pt bulk pt TC/EA 
        32-00-pts bulk pt TC/EA, CHN 
11-01 pt in tonalite and 
cataclasite Lobbia   11-01-cc bulk cc TC/EA, CHN 
        11-01-pts bulk pt TC/EA, CHN 
19-01 pt in tonalite and 
cataclasite Lobbia   19-01-pt-c bulk pt TC/EA 
        19-01-pt-f bulk pt TC/EA, CHN 
17-01 pt in tonalite and 
cataclasite Lobbia   17-01-pt bulk pt TC/EA, CHN 
13-01 pt in tonalite and 
cataclasite Lobbia XRPD, FE-SEM 13-01-pt-a bulk pt TC/EA 
        13-01-pt-b bulk pt TC/EA, CHN 
+

2-01 pt in tonalite and 
cataclasite Lobbia   2-01-pt bulk pt TC/EA, CHN 
21-01 pt in tonalite and 
cataclasite Lobbia   21-01-pt-a bulk pt TC/EA, CHN 
        21-01-pt-b bulk pt TC/EA 
G 5 tonalite Avio   G5-bt biotite separate TC/EA, CHN 
L 65 pt in tonalite e 
cataclasite Avio   L-65-pt bulk pt TC/EA, CHN 
    L-65-cc bulk cc TC/EA, CHN 
HVFRE 
samples       
370-06 artificial pt in tonalite   SEM 370-06-pt bulk pt TC/EA, CHN 
372-06 artificial pt in tonalite   SEM 372-06-pt bulk pt TC/EA, CHN 
376-06 artificial pt in tonalite   SEM, EMPA 376-06-pt bulk pt TC/EA, CHN 
371-06 artificial pt in 
cataclasite   SEM 371-06-pt bulk pt TC/EA, CHN 
        371-06-cc bulk cc TC/EA, CHN 
378-06 artificial pt in 
cataclasite   SEM 378-06-pt bulk pt TC/EA, CHN 
        378-06-cc bulk cc TC/EA, CHN 
379-06 artificial pt in 
cataclasite and tonalite   SEM 379-06-pt bulk pt TC/EA, CHN 
        379-06-cc bulk cc TC/EA, CHN 
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  av. ton st dev av. Cc st dev 46-99-pt 46-99-pt  24-00-pt 24-00-pt 32-00-pt 
20b-00-
m-pt 
20b-00-
m-pt  
20b-00-
s-pt 
20b-00-
s-pt  
av. glass 
exp. pt st dev 
XRF      
(5 data) 
XRF       
(4 data) XRF 
XRF       
(c)  XRF 
XRF       
(c)  XRF XRF 
XRF       
(c)  XRF 
XRF       
(c)  
EMPA    (6 
data) 
SiO2 66.56 0.94 61.86 2.35 59.69 55.05 63.89 60.08 61.78 62.95 58.99 64.42 61.08 52.21 0.33 
TiO2 0.46 0.05 0.57 0.05 0.55 0.65 0.53 0.66 0.55 0.54 0.63 0.53 0.59 1.16 0.07 
Al2O3 16.53 0.37 17.71 1.06 17.13 19.03 16.57 17.76 17.06 17.00 18.93 16.68 18.24 22.11 0.28 
FeO 3.41 0.29 3.71 0.48 3.09 3.65 3.19 3.99 3.50 3.74 4.34 3.19 3.59 7.71 0.25 
Fe2O3 0.33 0.08 0.96 0.08 2.00 2.36 1.22 1.51 0.83 0.87 1.00 0.92 1.03 
MnO 0.10 0.01 0.12 0.03 0.11 0.12 0.12 0.13 0.13 0.14 0.16 0.10 0.11 0.26 0.03 
MgO 1.57 0.18 1.94 0.21 1.95 2.31 1.77 2.22 1.84 1.91 2.22 1.71 1.92 3.92 0.19 
CaO 4.44 0.15 4.16 0.24 3.55 3.77 3.58 3.44 3.62 4.09 4.47 3.89 4.19 4.84 0.18 
Na2O 2.95 0.05 3.25 0.23 1.26 1.21 3.03 3.12 1.59 3.22 3.56 2.99 3.25 2.88 0.16 
K2O 2.20 0.11 3.11 0.26 5.92 6.99 3.15 3.90 5.02 2.98 3.44 2.83 3.18 4.18 0.13 
P2O5 0.11 0.01 0.15 0.01 0.13 0.16 0.13 0.16 0.14 0.14 0.16 0.14 0.15 
L.O.I. 0.91 0.07 2.23 0.36 3.96 4.69 2.41 3.03 3.40 1.81 2.10 2.36 2.66 
Tot 99.56 0.14 99.78 0.29 99.34 100 99.58 100 99.45 99.39 100 99.74 100 99.27 0.46 
V 57.9 6.5 70.80 1.70 67.5 67.5 66.8 69.6 72.0 
Rb 90.4 12.6 173.85 8.70 492.4 213.7 443.0 167.7 180.0 
Sr 225.2 9.7 238.75 12.23 196.7 235.8 221.8 247.4 230.1 
Y 26.4 5.6 31.70 0.42 30.4 32.2 28.9 32.0 31.4 
Zr 117.0 9.7 135.50 0.42 136.4 134.9 139.9 135.2 135.8 
Nb 10.2 1.0 12.05 0.64 12.3 10.8 12.5 12.5 11.6 
Ba 374.8 25.3 433.40 25.46 427.2 422.1 489.7 451.4 415.4 
La 30.3 4.5 46.60 4.95 34.9 40.5 29.8 50.1 43.1 
Ce 52.8 15.2 76.20 8.20 55.5 64.7 69.8 82.0 70.4 
Nd 23.2 7.3 21.85 7.00 29.3 31.8 10.1 26.8 16.9 
U 3.2 0.5 6.25 0.35 17.6 7.7 16.2 6.0 6.5 
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wall rocks D‰ N st. dev. H2O wt% 
Biotite separates in Avio tonalite 
  
 
  
2-99-bt 
 
To -75 2 0.4 4.24 
21-00-bt 
 
To -73 2 1.9 3.49 
3-02-bt 
 
To -74 2 3.0 
 
G 5-bt 
 
To -74 2 2.2 4.10 
Bulk tonalite 
   
 
  
19-00 
 
To 
 
 
 
0.97 
Mylonites 
   
 
  
07 162 
 
To -78 2 2.4 1.40 
99 D7 umyl 
 
To -80 3 3.7 1.70 
Cataclasites (natural faults) 
  
 
  
46-99-cc 
 
To -62 2 2.8 2.15 
24-00-cc 
 
To -65 2 0.5 2.01 
32-00-cc 
 
To -67 2 4.7 2.27 
11-01-cc 
 
To -65 2 2.8 3.15 
L65-cc 
 
To -69 2 0.9 2.90 
Cataclasites (after HVFRE) 
  
 
  
371-06-cc 
 
To -60 2 4.5 1.99 
378-06-cc 
 
To -69 2 0.2 1.66 
379-06-cc 
 
To -65 2 4.2 1.30 
Natural pseudotachylytes 
   
 
  
3-02-pt 
 
To -96 2 2.7 3.03 
?

3-02-pt-c 
 
To -95 2 4.0 
 
10-04-pt 
 
To -95 3 5.1 2.8 
2-99-pt 
 
Cc/To -90 2 2.5 3.09 
46-99-ptm-a 
 
Cc/To -94 2 3.6 3.95 
46-99-pt-a 
 
Cc/To -86 2 0.9 
 
46-99-pt-b 
 
Cc/To -86 2 3.7 
 
46-99-pt-c 
 
Cc/To -87 2 1.9 
 
46-99-pt-d 
 
Cc/To -85 3 2.5 
 
24-00-pt 
 
Cc/To -97 3 4.7 4.24 
32-00-pts 
 
Cc/To -101 2 1.1 
 
32-00-pt 
 
Cc/To -104 2 3.3 4.41 
19-01-pt-c 
 
Cc/To -97 2 0.5 
 
19-01-pt-f 
 
Cc/To -91 2 4.3 2.44 
11-01-pts 
 
Cc/To -92 2 0.1 2.81 
17-01-pt 
 
Cc/To -94 4 4.9 3.80 
13-01-pt-a 
 
Cc/To -83 3 1.7 
 
13-01-pt-b 
 
Cc/To -77 2 0.5 2.33 
2-01-pt 
 
Cc/To -96 2 1.3 3.06 
21-01-pt-a 
 
Cc/To -89 3 4.0 3.55 
21-01-pt-b 
 
Cc/To -96 3 4.8 
 
L65-pt 
 
Cc/To -88 3 1.9 2.6 
Artificial pseudotachylytes 
   
 
  
370-06-pt 
 
To/To -74 4 2.5 1.85 
372-06-pt 
 
To/To -74 4 1.0 1.37 
376-06-pt 
 
To/To -76 4 4.7 0.85 
371-06-pt 
 
Cc/Cc -85 4 2.2 1.77 
378-06-pt 
 
Cc/Cc -82 4 2.8 2.44 
379-06-pt 
 
Cc/To -84 4 2.0 1.47 
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a b s t r a c t
The factors controlling the development of different types of fault rock assemblages and, more speciﬁ-
cally, the formation of friction melts are still not fully understood. In this study we compared two
exhumed strike–slip faults in the Adamello batholith (Southern Alps): the Gole Larghe and the Passo
Cercen fault zones, active at 9–11 km depth and temperatures of 250–300 C. Each fault zone consists of
hundreds of sub-parallel strands exploiting pre-existing joints. The Gole Larghe fault strikes N105 5
and is dextral; the fault rocks are cataclasites and widespread, centimetre-thick pseudotachylytes. The
Passo Cercen fault strikes on average N130 and is formed by multiple fault horizons: fault segments
striking N105–N130 are mainly dextral, whereas faults striking N135–N140 are mainly sinistral.
Microstructural, mineralogical and geochemical investigations show that the fault rocks are cataclasites
associated with thick epidoteþ K-feldsparþ quartz veins and rare, millimetre-thick pseudotachylytes.
Field evidence suggests that in both fault zones, the direction of the maximum horizontal stress s1 was
N135. The Gole Larghe fault strikes at about 30 to s1 and is favourably oriented for reactivation. By
contrast, the Passo Cercen fault strikes at low angles to s1 and is unfavourably oriented for reactivation,
therefore requiring the development of high pore pressures, as suggested by the occurrence of extensive
epidote veining and hydraulic breccias. It is proposed that frictional melting in the Passo Cercen fault
zone was inhibited by the development of high pore pressures and low effective normal stresses.
Ó 2009 Elsevier Ltd. All rights reserved.
1. Introduction
The study of exhumed faults in the ﬁeld provides complementary
information to seismological, geophysical and experimental data for
understanding fault plane processes and mechanics during earth-
quakes (Sibson, 1977; Scholz, 1988; Imber et al., 2001; Abercrombie
et al., 2006; Di Toro et al., 2009 for a review). However, few exhumed
faults can be proved to have been seismic. At present, only tectonic
pseudotachylytes (fault rocks formed by solidiﬁed friction-induced
melts produced during seismic slip in silicate rocks: Sibson, 1975;
Spray, 1995) are unambiguously recognized as the signature of
ancient earthquakes in exhumed faults (e.g. Cowan, 1999). Never-
theless, pseudotachylyte occurrences are not as widespread as
seismic activity in the Earth crust (Sibson and Toy, 2006; Kirkpatrick
et al., 2009). If pseudotachylytes in exhumed seismogenic faults are
uncommon, this could be related to the occurrence of thermal pres-
surization of pore ﬂuids (or other coseismic fault weakening mech-
anisms such as ﬂash heating, e.g. Rice, 2006) along the fault surfaces
which may impede frictional melting (Sibson, 1973; Lachenbruch,
1980; Andrews, 2002; Rice, 2006; Bizzarri and Cocco, 2006).
In this ﬁeld-based study, the inﬂuence of fault orientation and
pore ﬂuids on the development of pseudotachylytes is investigated
by comparing faults that were active close to the base of the seis-
mogenic crust within the Adamello batholith in the Southern Alps,
Italy. In the northern Adamello batholith, pseudotachylyte-bearing
faults have already been described in detail along the Gole Larghe
fault zone (Di Toro and Pennacchioni, 2004, 2005; Pennacchioni
et al., 2006). In the present contribution, the Gole Larghe fault zone
is compared with the Passo Cercen fault zone, located few kilo-
metres to the north, where pseudotachylytes are rare and there is
evidence of widespread ﬂuid inﬁltration. We conclude that, in the
case of the Passo Cercen fault zone, fault orientationwas favourable
for ﬂuid inﬁltration which, in turn: (1) allowed hydraulically
induced failure under low normal effective stresses; and (2)
impeded the production of abundant pseudotachylytes.
2. Geological setting
The Adamello batholith is located within the central Southern
Alps (Italy) close to the intersection of two major segments of the
* Corresponding author. Tel.: þ39 49 827 1912; fax: þ39 49 827 1868.
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Periadriatic Line: the Tonale Line to the north, and the Southern
Giudicarie Line to the east (Fig.1a). The Periadriatic Line separates the
south-verging thrusts and folds of the Southern Alps, not affected by
Alpine metamorphism, from the north-verging stack of Alpine
metamorphic units (e.g. Schmid et al., 1989). The Adamello batholith
is the largest Tertiary magmatic body intruded adjacent to the Peri-
adriatic lineament (‘‘Periadratic plutonism’’, Salomon, 1897). It is
a composite pluton consisting of four main intrusions of dominantly
tonalitic–granodioritic composition (Bianchi et al., 1970) (Fig. 1a),
whose ages progressively young from south-west (Re di Castello: 42–
38Ma) to north-east (Presanella: 32–30 Ma) (Del Moro et al., 1983;
Hansmann and Oberli, 1991; Viola, 2000; Viola et al., 2001; Mayer
et al., 2003; Stipp et al., 2004). Within each intrusion, the overlap
betweenU–Pb zircon ages anddifferentmineral ages suggests a rapid
cooling to the zircon ﬁssion track closure temperature (250 50 C)
after emplacement (Pennacchioni et al., 2006). Ambient temperature
before emplacement of the Adamello batholith is estimated to be
about 250 C, based onmuscovite and biotite Rb/Sr dating of the pre-
Permian basement rocks hosting the Adamello pluton, which indi-
cates no or little post-Triassic reheating above 300–350 C (De Cap-
itani et al., 1994; Martin et al., 1996), on zircon ﬁssion track studies,
which indicate cooling below 250 50 C during the Late Cretaceous
(Viola et al., 2001) andon the illite crystallinity of Permian sandstones
outcropping close to theAdamello pluton,which underwent, atmost,
Fig. 1. Geological setting. (a) Simpliﬁed map of the central Alps and the Adamello batholith; GLFZ: Gole Large fault zone, PCFZ: Passo Cercen fault zone, LF: Lares fault. The rectangle
is the area enlarged in Fig. 1b. (b) Schematic structural map, showing the main faults and the lineaments traced from aerial photographs. The wavy geometry of the GLFZ is due to
the intersection with the irregular topography of the steeply (70) dipping towards SSW fault plane. The rectangle is the area enlarged in Fig. 3a.
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anchizonal metamorphic conditions (Riklin, 1985; see Pennacchioni
et al., 2006 for discussion). Contact metamorphic mineral assem-
blages suggest pressures of >0.2 GPa in the northern aureole (Werl-
ing, 1992; Stipp et al., 2002), and as high as 0.35 GPa in the southern
sector (John and Blundy, 1993).
2.1. Post-magmatic deformation of the Adamello pluton
Cooling of the Presanella and Avio plutons is believed to have
been contemporary with dextral strike–slip motion along the
Tonale Line (Stipp et al., 2004); the plutons show widespread solid
state post-magmatic ductile and brittle deformation structures. A
kilometer-thick belt of early post-magmatic foliated tonalites is
developed along the north-eastern rim of the Presanella and Avio
plutons and along the contact between the plutons in Val di Genova
(Trener, 1906; Bianchi et al., 1970) (Fig. 1a). In the Avio pluton, the
tonalite is cut by different sets of joints, intruded by aplitic dykes
and decorated by biotite and An-rich plagioclase, suggesting
temperatures of formation above or around 600 C (Pennacchioni
et al., 2006). Joints and aplitic dykes were ﬁrst exploited by ductile
amphibolite facies shear zones at T> 500 C, as indicated by the
stability of relatively An-rich plagioclase and biotite, the formation
of strain-induced myrmekites and the crystallographic preferred
orientation of the syn-kinematically recrystallized quartz aggre-
gates (Pennacchioni, 2005). Joints were then exploited by pseu-
dotachylyte- and cataclasite-bearing faults active at temperatures
ranging between 250 and 300 C, as indicated by the presence of
chlorite and epidote assemblages (Di Toro and Pennacchioni, 2004).
Lastly, zeolite-bearing faults (T< 200 C) cut the previously
described deformation structures (Pennacchioni et al., 2006).
The cataclasite–pseudotachylyte horizons are clustered deﬁning
some major fault zones, such as the Lares fault zone (LF), the Gole
Larghe fault zone (GLFZ) and the Passo Cercen fault zone (PCFZ)
(Fig. 1). The GLFZ is an E–W-trending, steeply dipping towards the
SSW, dextral strike–slip fault extending from the Tonale Line into
the Adamello pluton for about 20 km. In the Lobbia area (upper Val
Genova), the GLFZ is about 500 m thick, with a total offset of 1 km
distributed over a few hundred, sub-parallel main cataclastic
horizons (Di Toro and Pennacchioni, 2005). The average fault dip is
60 towards N195 identical to the orientation of the main joint set
outside the fault zone. The cataclasites are green and are enriched
in epidoteþ K-feldsparþ chlorite compared to the host tonalite.
The same minerals ﬁll millimetre-thick veins, which both pre-date
and post-date cataclasites (Di Toro and Pennacchioni, 2004).
Abundant pseudotachylytes occur as fault veins parallel to the
cataclasite layers and injection veins intruding both the host
tonalites and the cataclasites (Di Toro and Pennacchioni, 2004).
The pseudotachylytes of the GLFZwere dated using the stepwise
heating 39Ar–40Ar method (Villa et al., 2000) on bulk pseudo-
tachylytes, obtaining an average age of ca. 30 Ma (Pennacchioni
et al., 2006). Fission track data on zircons indicate that exhumation
of the Adamello batholith occurred after 22 Ma (Stipp et al., 2004;
Viola, 2000). Therefore, seismic faulting occurred before substantial
uplift of the pluton, at a depth of 9–11 km, estimated from the
metamorphic assemblages preserved in the contact aureole and
assuming an average rock density of 2650 kgmÿ3 (Di Toro et al.,
2005).
3. The Passo Cercen fault zone
3.1. Structure of the fault zone
The PCFZ crops out on glacier-polished surfaces exposed NW of
the Cima Presanella (3558 m) in the upper Val di Sole (Fig. 1a). The
host rock is the Presanella tonalite (Bianchi et al., 1970), charac-
terized by coarse (up to 2 cm long) prismatic hornblende set in
a sub-centimetric matrix of plagioclase, quartz, biotite and K-feld-
spar. The tonalite is cut by pervasive joints with a main joint system
(J1) consisting of two sets dipping either 66 to N040 (dominant
set) or 56 to N218 (subordinate set) (stereoplot in Fig. 2a). Joints
are spaced 0.1–15 m apart and are composed of segments 20–30 m
long forming en echelon arrays (Fig. 2b). Joints are locally ﬁlled with
quartz, epidote, K-feldspar and chlorite. A set of closely spaced
joints (J2) striking NNE–SSW and steeply dipping towards ESE is
discontinuously present within the area.
Cataclasite–pseudotachylyte-bearing faults, which are visible as
lineaments striking from NW to WNW in aerial photographs
(Fig. 3a), are clustered in the 1 km thick PCFZ. The faults have two
main orientations, identical to those of the J1 joints: dipping 69 to
N046 or 62 to N223. The fault zone is formed by surfaces dipping
preferentially towards SW, whereas joints outside the fault zone
show the opposite, with a preponderance of joints dipping towards
NE (Figs. 2a and 3b). In map view, NW-striking faults are formed of
interconnected decametric segments, while WNW faults are more
continuous (Fig. 3a). Lineations on NW and WNW fault planes
plunge gently (about 30) towards the SE or NW (Fig. 3c). The
separation of offset markers such as maﬁc enclaves and magmatic
bands along faults ranges from few centimetres up to 15 m and
indicate both dextral and sinistral senses of offset; the switch in the
sense of shear of the faults occurs around a strike of N135 (Fig. 3d);
the overlapping of the dextral and sinistral faults suggests that the
faults were oriented very close to the direction of s1.
Within the PCFZ, individual faults typically consist of a cata-
clasite layer ranging in thickness from millimetres to several
Fig. 2. Joints in the Passo Cercen fault zone area. (a) Joints of the main system (J1 in the inserted stereoplot) are formed by continuous and widely spaced segments; lower
hemisphere, equal area projection stereoplot. (b) Details of the linkage between two parallel joint strands (J1) organized in an en echelon fashion.
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decimetres. Faults are continuous for a few tens of meters and are
spaced less than 1 m to 10–15 m apart (Fig. 4a). Many faults with
a spacing of less than few meters are linked by a network of
secondary shear and tensional fractures, whereas faults spaced
several meters apart consist of sharp isolated structures (Fig. 4b).
A selected outcrop of the fault zone has beenmapped at a scale of
1:10 (Fig. 5). In this outcrop, the sense of shear along the faults can
be locally determined by the offset of basic enclaves and by the
geometry of the secondary fracture network. Sinistral faults mostly
strike NWwhilst dextral faults strike WNW. In the southern part of
the map, a dextral and sinistral fault set intersect each other at an
angle of about 30 (Fig. 5a) and thin, discontinuous tensional frac-
tures bisect the dihedral angle between the two faults. Along strike,
faults show variations in thickness, due to the linkage between
adjacent en echelon joint strands (Fig. 5b, see Fig. 2).
3.2. Field description of the fault rocks
The fault rocks are predominantly cataclasites, ranging in colour
from dark (Fig. 6a) to light-yellowish green (Fig. 6b and c) and rare
black pseudotachylytes (Fig. 6b).
Dark green cataclasites are thin (up to a few centimetres),
continuous layers of ultracataclasite–cataclasite–protocataclasite
(Fig. 6a). Boundaries with the host rock are either sharp, or tran-
sitional through a volume of fractured and altered tonalite.
Pseudotachylytes are distinguishable in the ﬁeld from ultra-
cataclasites on the basis of their black colour and presence of
injection veins, even though only microstructural features are
indicative of their melt origin. Pseudotachylytes occur as thin (up to
1 cm thick), discontinuous fault veins developed within cataclasite
or at the cataclasite–tonalite boundary (Fig. 6b); injection veins are
rare and up to a few centimetres long. Pseudotachylytes are mostly
spatially associatedwith dark green cataclasites, but some very thin
(<4 mm) pseudotachylyte fault veins have been found in associa-
tion with light green cataclasites.
Light green cataclasites are more common in the southern part
of the studied fault zone section showed in Fig. 3. They are up to
80 cm thick and are associated with pervasive alteration of the
adjacent tonalite, as evidenced by its greenish colour (see Section
3.3.2) (Fig. 6c and d). Cataclasites are either homogeneous, ﬁne
grained ultracataclasites, or are formed by a breccia of angular
tonalite clasts. In this sector, cataclasites are often associated with
Fig. 3. Structural data from the PCFZ. (a) The internal architecture of the PCFZ, reconstructed from high resolution aerial photographs. Dashed lines are the limits of the fault zone.
SomeWNW-striking faults are outlined by narrow (2–3 mwide) troughs resulting from the intense fracturing and alteration of the fault rock assemblage, formed by the coalescence
of multiple fault planes overprinted by late-stage zeolites. The small rectangle indicated by an arrow outlines the area of Fig. 5. (b) Stereoplot of cataclasite–pseudotachylyte-bearing
faults (all data). (c) Stereoplot of cataclasite–pseudotachylyte-bearing faults (lineated faults); slickenlines are gently dipping towards SE or SW, with some dip slip planes. (d) Equal
area, lower hemisphere cumulative plot of poles to fault planes separated by shear sense; the shaded and white quadrants represent the orientation ranges of faults with
respectively sinistral and dextral shear sense. The overall switch in shear sense occurs around N135 .
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green, epidote-bearing veins branching at low angles from the fault
planes (Fig. 6d).
3.3. Microstructure of the fault zone rocks
3.3.1. Damaged host tonalite
The Presanella tonalite consists of An52–59 plagioclase (45.8% in
volume), quartz (23.4%), biotite (16%), hornblende (9.1%), K-feldspar
(2.1%) and accessory apatite, allanite and titanite (Bianchi et al.,
1970). Outside the damage zone, the texture is characterized by
centimetre long, prismatic poikilitic hornblende, zoned euhedral
plagioclasewith Ca-richnuclei and interstitial quartz andK-feldspar;
the contacts between K-feldspars and quartz grains sometimes
display myrmekite lobes. The tonalite close to cataclasites is altered
and bleached for a few centimetres in thickness. In the altered
tonalite: (1) plagioclase is partially replaced by an aggregate of
epidote andﬁnewhitemica (saussuritization); (2) quartz is fractured
and shows local patchy/undulose extinction, deformation lamellae
(mostly related to ﬂuid inclusion trails) and very incipient develop-
ment of ﬁne grained (20–50 mm) new grains; (3) magmatic biotite is
kinked and broken down to chlorite and titanite (Fig. 7a), and (4)
hornblende is fractured and substituted by actinolite, in particular
along fractures and cleavage planes. The tonalite close to faults is
commonly foliated due to the development of wavy pressure solu-
tion seams, sealed by chlorite, titanite and Ti–Fe oxides, branching at
low angles to the fault planes and localized in Riedel fractures. The
microstructures and the mineral assemblages described here
suggest greenschist facies conditions,which are likely representative
of those found close to the brittle–ductile transition.
3.3.2. Cataclastic rocks
Individual faults are associated with the development of pro-
tocataclasites, cataclasites and ultracataclasites. Protocataclasites
are formed by large polymineralic fragments, slightly rotated and
separated by thin cataclasite layers. Cataclasites are matrix-sup-
ported rocks, with angular clasts of quartz, plagioclase, K-feldspar
and reworked precursor cataclasite (Fig. 7c). In some cases, the
cataclasites have a wriggled foliation oriented at a low angle to the
fault boundary. Ultracataclasites are thin (up to few millimetres)
layers of highly comminuted material with a few rounded clasts.
Under the Scanning Electron Microscope (SEM), the outlines of
quartz clasts are commonly cuspate–lobate and corroded. The
matrix is composed of chlorite, epidote, actinolite, Ti-poor biotite,
K-feldspar and albite with textural evidence for static growth (e.g.
presence of randomly oriented poikilitic epidote and acicular
actinolite, Fig. 7d). In the matrix of some fault horizons, the growth
of hydrothermal minerals (usually epidote, in grains of <100
micron in size) overprints the cataclasite texture. In such cases, we
distinguished cataclasites from veins based on: (i) ﬁeld evidence
(e.g. cataclasite-bearing fractures offset structural markers, see
above); and (ii) microstructural evidence (e.g. presence of relict
cataclastic texture, such as comminuted grains).
3.3.3. Veins and implosion hydraulic breccias
The veins are ﬁlled with epidote, quartz, K-feldspar, albite and
chlorite. Crystals in veins are blocky, suggesting that vein opening
was faster thanmineral growth (Passchier and Trouw, 2005). Quartz,
albite and K-feldspar have mostly equidimensional habits, some-
times elongated; epidote crystals are acicular, and are either
randomly oriented (Fig. 7e), or arranged perpendicular to the vein
margins. Some veins have jigsaw puzzle textures formed by angular
clasts of tonalite and cataclasite with little or no internal clast
deformation and well-sorted clast size distributions (Fig. 7f). The
fragmented clasts are suspended in an exotic hydrothermal cement
of epidote, chlorite, K-feldspar, albite and quartz (Fig. 7f). The above
microstructures are typical features of implosion hydraulic breccias
Fig. 4. Exposures of the PCFZ. (a) Faults exploit both joints dipping towards NE and SW (arrows). Note the variable spacing between adjacent fault zones. (b) Widely spaced faults
are very sharp and continuous along strike. (c) Linkage between parallel fault strands, spaced about 1 m apart, occurs by intense fracturing of the ‘‘sandwiched’’ intervening panel of
tonalite. (d) Dextral offset of a leucocratic magmatic band.
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according to the genetic classiﬁcation of Sibson (1986) and could be
classiﬁed as cement-supported chaotic breccias, following Wood-
cock and Mort (2008).
3.3.4. Pseudotachylytes
Pseudotachylytes of the PCFZ show microstructures typical of
rapid cooling of a melt (e.g. Magloughlin and Spray, 1992; Di Toro
and Pennacchioni, 2004; Di Toro et al., 2004), such as the devel-
opment of ﬂow structures, spherulites, plagioclase and biotite
microlites, and a cryptocrystalline matrix (Fig. 7g and h). Clasts are
rounded to angular and consist of quartz, plagioclase and K-feld-
spar. Under the Field Emission SEM the cryptocrystalline matrix is
seen to comprise an aggregate of biotite, titanite and K-feldspar.
Spherulitic aggregates form around quartz, plagioclase and
K-feldspar clasts, as rims of radially arranged aggregates of
plagioclasemicrolites andquartz. Spherical amygdale-like features
ﬁlled by quartz and K-feldspar are often found dispersed in the
pseudotachylyte matrix (Fig. 7h).
3.4. Geochemistry and mineralogy
X-ray ﬂuorescence (XRF) and X-ray powder diffraction (XRPD)
analyses were conducted on the cataclasites and host tonalite.
Elemental XRF analyses show that light green cataclasites are
highly enriched in Fe3þ, Ca, K and LILE (Rb, Sr, Ba) compared to the
host rock (Table 1). Dark green cataclasites have less scattered
elemental compositions and are enriched in Na with respect to
unaltered tonalite. The relative change in major element
Fig. 5. High resolution surface map of the PCFZ (the map was drawn at 1:10 scale using a rigid frame of 1 m2). (A) Intersection between two conjugate fault strands, with opposite
sense of shear. (B) Variations in thickness along strike, due to linkage of adjacent en echelon segments. (C) Fault segment carrying pseudotachylyte, with a centimetre-long injection
vein. (D) Faults spaced about 1 m apart linked by high angle fractures and domains of fragmented and altered tonalite. (E) Stereoplot of the fault planes represented in the surface
map. Equal area, lower hemisphere plot.
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composition is reﬂected in the abundances of minerals cementing
the cataclasite matrix, determined from XRPD analysis (Fig. 8).
4. Passo Cercen fault zone vs. Gole Larghe fault zone
The scarcity of pseudotachylytes in the PCFZ and their abun-
dance in the GLFZ (Fig. 9a and b) is a major difference between the
fault zone rocks; the possible reasons for this difference in the two
fault zones will be discussed in this section.
TheGLFZ andPCFZdevelopedunder similar ambient conditions at
the base of the seismogenic crust during the ﬁnal stages of cooling of
the Avio and Presanella plutons and before their exhumation (Pen-
nacchioni et al., 2006). The occurrence of sub-horizontal roof
pendants in the inner parts of the Southern Adamello batholith
(Brack, 1983), suggests that no tilting occurred during exhumation of
the plutons from seismogenic depths. The depth of faulting is esti-
mated at 9–11 km (Di Toro et al., 2005) and the ambient temperature
was about 250 C, as suggested by the presence of local incipient
bulging recrystallization in quartz associated with cataclastic defor-
mation, by the greenschist facies mineral assemblage (epidote,
chlorite, K-feldspar, actinolite, albite) cementing the cataclasites
(Fig. 9c and d) and the onset of stress induced solution-precipitation
processes (i.e. presence of pressure solution seams) in both fault
zones (Di Toro and Pennacchioni, 2005). The texture of the cataclasite
matrix suggests precipitationunder static conditions. The occurrence
of reworked clasts of cementedcataclasite indicates that cementation
was syn- to post-deformational. The host rock of both fault zones is
tonalite (Table 1), though the Presanella tonalite (PCFZ) contains
hornblende, which is absent in the Avio tonalite (GLFZ). Cataclasitic
deformation was assisted by extensive percolation of ﬂuids and
pervasiveprecipitationof epidoteþK-feldsparþ chlorite actinolite
and the occurrence of pressure-solution related microstructures in
both faults (Fig. 9c and d). The extensive ﬂuid-assisted alteration of
cataclasites is attested by their enrichment in LILE and loss of Na and
Fe3þ (Di Toro and Pennacchioni, 2005) compared to the host tonalites
in both fault zones. The isocon diagrams (Grant, 2005) of Fig. 9e and f
highlight the changes in major and trace elements of the fault rocks
relative to the host tonalite due to interaction with ﬂuids. The
comparison between the cataclasite compositions of the PCFZ and
GLFZ shows a larger data scattering in the former case, which is
consistent with a stronger ﬂuid-induced alteration in the fault rocks
of thePCFZcomparedto thoseof theGLFZ.This interpretation isbased
on the evidence that ﬂuid ﬂowwas localized along fault horizons and
that the ﬂuid transfer between host and fault rocks could not equili-
brate the compositional differences, as has been seen in other fault
zones (e.g. Jefferies et al., 2006).
Both faults exploited pre-existing joints (Di Toro and Pennac-
chioni, 2005); the GLFZ exploits joints striking on average N105
whereas the PCFZ exploits joints striking on average N130. The
plane bisecting the average orientation of dextral and sinistral fault
segments in the PCFZ strikes approximately at N135. Since these
are all strike slip faults, this orientation should correspond to the
direction of the maximum horizontal stress s1 during faulting. A
similar orientation of the regional s1 is inferred for the GLFZ (Di
Toro and Pennacchioni, 2005). An identical shortening direction
could also be inferred from the orientation of the ﬂattening zones
(Pennacchioni and Mancktelow, 2007) formed at the intersection
between conjugate ductile shear zones exploiting the different sets
of joints during the high temperature stages of pluton cooling
preceding the cataclastic faulting (Pennacchioni, 2005) (Fig. 10).
The orientation of s1 about N135
 corresponds to the main
regional compressive stress active in this area during the colli-
sional stage of the Alpine orogeny (Castellarin et al., 2006; Cas-
tellarin and Cantelli, 2000). The different orientation of the fault
Fig. 6. Fault rocks from the PCFZ. (a) Dark green cataclasite; the edges with the host tonalite are sharp. (b) Paired faults, linked by oblique fractures, decorated by pseudotachylyte
(PT) and dark green cataclasite. The secondary Riedel shear type fractures are decorated by cataclasite. The tonalite adjacent to the faults is bleached. (c) Thick light green cataclasite,
composed of multiple layers. (d) Light green cataclasite, associated with epidote veins, oriented at low angle to the cataclasite. The tonalite adjacent to the fault and veins is strongly
altered and has greenish colour. (For interpretation of references to colour in this ﬁgure legend the reader is referred to web version of the article).
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Fig. 7. Microstructures in the Passo Cercen fault rocks. (a) Altered tonalite adjacent to an epidote-bearing vein. Biotite is broken down to chlorite (green) and titanite aggregates,
plagioclase is saussuritized (optical microscope, plane polarized light). (b) Close to cataclasites, tonalite is fractured and foliated due to the formation of wriggled surfaces cemented
by chlorite, titanite, actinolite and remnants of biotite (optical microscope, plane polarized light). (c) Cataclasite is formed by angular clasts in a microcrystalline matrix (optical
microscope, plane polarized light). (d) Cataclasite matrix, characterized by grain size on the order of the tens of micron and evidence of static growth and interactions with
percolating ﬂuids: quartz clasts have lobate edges, epidote has poikilitic texture, actinolite is acicular and is randomly oriented (Back Scatter Electron-SEM image). (e) Epidote (ep),
chlorite (chl) and quartz (Qz)-bearing vein cutting altered tonalite; minerals sealing the vein are randomly oriented (optical microscope, plane polarized light). (f) The texture of
a vein in cataclasite; randomly oriented, prismatic epidote crystals are ﬂoating in an aggregate of chlorite, plagioclase and quartz with blocky texture. Clasts of cataclasite (cc) are
suspended in the vein (optical microscope, plane polarized light). (g) Microstructure of pseudotachylyte: partially melted K-feldspar clasts and rounded quartz clasts are immersed
in a matrix composed by the ﬁne intergrowth of biotite and plagioclase microlites (Back Scatter Electron-SEM image). (h) Detail of a pseudotachylyte characterized by a crypto-
crystalline, bright matrix composed mainly of biotite, with dispersed small, spherical (amygdale-like) aggregates of plagioclase and silica (SA); quartz (Qz) and K-feldspar (Kfs)
rounded clasts are rimmed by an aggregate of plagioclase and silica (A) (Field Emission Back Scatter Electron-SEM image). (For interpretation of references to colour in this ﬁgure
legend the reader is referred to web version of the article).
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segments with respect to the maximum horizontal stress appears
to be the most striking difference between the fault zones. The
possible mechanical implications of this difference and inﬂuence
on the development of the fault rock assemblages are discussed in
the following section.
5. Discussion
The GLFZ and PCFZ were active in similar host rocks (tonalite),
geochemical environment and P–T conditions, as discussed in the
previous section. The faults have different orientations, which is
determined by the attitude of pre-existing joints. We discuss below
how fault orientation could affect the magnitude of the effective
stresses normal to the fault surfaces and, as a consequence, the type
of fault rock assemblages that may develop.
Tectonic pseudotachylytes form by the melting of fault and host
rocks due to frictional heating along a fault surface during seismic
slip (i.e. slip rates on average of about 1 m sÿ1). The work done
during faulting is (Kostrov and Das, 1988):
Wf ¼ Q þ Us (1)
where Q is heat and Us is surface energy for gouge and fracture
formation. Since Us is considered negligible (Lockner and Okubo,
1983), the majority (>95%) of the work is converted to heat (Scholz,
2002). In the case of the Gole Larghe fault zone, this assumption
was conﬁrmed using a microstructural study of a pseudotachylyte-
bearing fault (Pittarello et al., 2008). Thus, the amount of heat
generated during seismic slip for unit area of the fault is (Price and
Cosgrove, 1990):
Wf ¼ m

sn ÿ pp

dzQ (2)
Where m is the friction coefﬁcient, sn is the stress normal to the
fault plane, pp is the pore pressure and d is the coseismic slip.
Table 1
X-ray ﬂuorescence analyses of fault and host rocks of the PCFZ and the GLFZ; PT, pseudotachylytes, CC, cataclasites. The data for the GLFZ are from Pennacchioni et al. (2006).
Rock type area Avio tonalite PT Avio CC Avio Presanella tonalite Dark g. CC Light g. CC
GLFZ GLFZ GLFZ PCFZ PCFZ PCFZ
n¼ 5 n¼ 5 n¼ 5 n¼ 5 n¼ 4 n¼ 4 n¼ 3 n¼ 3 n¼ 1 n¼ 3 n¼ 3
Wt% Mean S.d. Mean S.d. Mean S.d. Mean S.d. Mean S.d.
SiO2 66.56 0.84 62.52 1.54 61.83 2.51 61.83 0.23 60.75 60.61 10.10
TiO2 0.46 0.04 0.56 0.05 0.56 0.14 0.74 0.02 0.70 0.34 0.16
Al2O3 16.53 0.33 16.83 0.24 17.03 0.84 16.41 0.02 16.63 15.94 3.58
FeO 3.41 0.26 3.50 0.41 3.41 0.38 5.06 0.14 3.93 1.45 1.04
Fe2O3 0.33 0.07 1.10 0.43 1.18 0.42 0.40 0.13 0.67 4.05 2.20
MnO 0.10 0.01 0.12 0.01 0.13 0.01 0.11 0.00 0.17 0.10 0.04
MgO 1.57 0.16 1.89 0.14 1.88 0.30 2.35 0.05 2.64 0.82 0.68
CaO 4.44 0.13 3.85 0.30 3.86 1.12 5.67 0.15 6.13 8.77 4.15
Na2O 2.95 0.05 2.47 0.76 1.69 0.56 2.62 0.06 6.36 0.85 0.16
K2O 2.20 0.10 3.73 1.27 6.10 1.37 2.26 0.16 0.42 5.17 1.14
P2O5 0.11 0.01 0.13 0.01 0.13 0.01 0.13 0.01 0.10 0.07 0.02
L.O.I. 0.91 0.06 2.77 0.71 2.02 0.52 1.47 0.11 0.95 1.44 0.43
Tot 99.56 0.12 99.46 0.16 99.80 0.35 99.05 0.03 99.45 99.60 0.15
ppm
Sc 14 4 16 1 17 1 14 0 10 7 2
V 58 6 71 6 77 13 106 4 99 166 80
Cr 13 3 27 13 24 17 14 2 12 27 27
Co 8 1 7 3 7 2 195 15 124 147 62
Ni 9 3 14 8 12 9 5 0 6 7 6
Cu 6 2 12 11 8 5 53 20 32 18 23
Zn 57 5 81 28 61 11 45 0 61 9 11
Ga 22 2 22 4 22 5 5 0 5 11 7
Rb 90 11 265 149 186 23 99 1 13 190 32
Sr 225 9 226 16 229 25 208 6 279 294 128
Y 26 5 30 2 39 9 25 0 22 19 10
Zr 117 9 135 4 126 12 137 5 137 65 29
Nb 10 1 12 1 12 1 11 0 11 6 2
Ba 375 23 447 28 740 91 343 26 285 573 74
La 30 4 39 7 38 8 29 9 29 16 6
Ce 53 14 66 9 68 8 43 10 37 35 10
Nd 23 7 22 8 24 10 15 1 20 10 0
Pb 29 11 37 12 32 10 5 0 5 7 4
Th 10 2 12 1 10 2 3 0 3 3 0
U 3 0 9 5 7 1 3 0 3 3 1
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Fig. 8. Semi-quantitative modal composition of cataclasites and host tonalite from
X-ray powder diffraction analyses (LGC: light green cataclasite, DLC: dark and light
green cataclasite, DGC: dark green cataclasite, HR: host rock). The mineral composition
of the cataclasites is strongly variable in the analysed samples. The reported modal
compositions are based on the mathematical elaboration of the XRPD spectra. Since we
did not use an internal standard, the analyses are semi-quantitative. (For interpretation
of references to colour in this ﬁgure legend the reader is referred to web version of the
article).
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Fig. 9. Comparison of the main features of the GLFZ (left column) and PCFZ (right column). (a) and (b) Fault rock assemblage in the ﬁeld: (a) a thin cataclasite is associated with
a thick pseudotachylyte (GLFZ). (b) Thick cataclasite (PCFZ), in most cases pseudotachylytes are absent. (c) and (d) Cataclasite matrix under the SEM: mineral assemblages in the
GLFZ (c) and PCFZ (d) are identical, with evidence for static growth of epidote (BSE-SEM images). (e) and (f) Elemental compositions from X-ray ﬂuorescence analyses. The isocon
diagrams (e.g. Grant, 2005) compare the elemental compositions of cataclasites (black dots) with that of the host tonalite (gray dots), normalized to the elemental composition of
the host tonalite (Avio tonalite for the GLFZ, Presanella tonalite for the PCFZ); the shift of the cataclasite composition with respect to the host rock composition (host rock data form
a straight line in the diagram) is proportional to the relative enrichment or loss of chemical components during hydrothermal alteration (and cementation) of cataclasites.
Compared to the GLFZ, in the PCFZ the elemental composition of the cataclasites is more scattered with respect to the host tonalite. This geochemical evidence suggests a more
intense chemical exchange with percolating ﬂuids (XRF data of the GLFZ are from Di Toro and Pennacchioni, 2005). (g) and (h) Details of surface maps of the GLFZ (g) and the PCFZ
(h), and cumulative stereoplots of all the fault data collected in the two fault zones; the legend is the same as in Fig. 5. Structural data for the GLFZ are from Di Toro and Pennacchioni
(2005).
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Following McKenzie and Brune (1972), the heat ﬂux generated per
unit area of the fault is:
qzm

sn ÿ pp

V ¼ ms0nV (3)
wheresn
0
is the effectivenormal stress actingon the fault plane andV
is slip rate. The frictional heating depends on the friction coefﬁcient,
the velocity of sliding and the effective normal stress on the fault
plane. The friction coefﬁcient for granitoid rocks and the minerals
cementing cataclasites (epidoteþ K-feldspar) is Byerlee-type, i.e.
0.6< m< 0.85, and minerals with signiﬁcantly lower friction coef-
ﬁcient (e.g. talc, Byerlee, 1978) are absent in the studied faults. Slip
rates were seismic in both fault zones, since the presence of pseu-
dotachylyte is documented in both GLFZ and PCFZ.
The strength of the brittle crust depends on the ratio between
the normal stress and shear stress acting on the fault plane and is
described by the empirical Coulomb failure criterion (Sibson,1990):
s ¼ C þ mis
0
n ¼ C þ mi

sn ÿ pp

(4)
where C is the cohesive strength, mi is the coefﬁcient of internal
friction, and s is the resolved shear stress. For pre-existing cohe-
sion-less faults, the fault strength is (Jaeger et al., 2007):
s ¼ ms0n ¼ m

sn ÿ pp

(5)
(Amonton’s law combined with Terzaghi’s law), where m is the
friction coefﬁcient. The reactivation of a cohesion-less fault whose
pole lies in the s1/s3 plane is controlled by the ratio of effective
principal stresses, which depends upon the angle qrwithin the fault
plane and the direction of s1 (reactivation angle, Sibson, 1985):
R ¼
s
0
1
s
0
3
¼
s1 ÿ pp
s3 ÿ pp
¼
1þ mcotqr
1ÿ mtanqr
(6)
This function has a positive minimum at
qr* ¼ 0:5tan
ÿ1ð1=mÞ ¼ 26:5+ (7)
deﬁning the most favourable orientation for fault reactivation. If the
angle qr departs more than 15
 from qr*, the stress ratio to initiate
sliding increases bw 50% and faults may be considered to be unfav-
ourably oriented for reactivation (Sibson,1990). Reactivation in these
conditions is possible for lowdifferential stresses andunder elevated
ﬂuid pressure, with s3
0
approaching 0; otherwise, the differential
stress required for reactivation exceeds that needed to form a new
fault (Sibson, 1985).
The GLFZ and the PCFZ are oriented at different angles with
the inferred direction of s1 (Fig. 11a), the GLFZ being favorably
oriented for reshear (qrz qr*) and the PCFZ being oriented at
qr<< qr*. The variations in effective normal stresses on the GLFZ
and PCFZ have been estimated under the following assumptions
and approximations:
(1) The coefﬁcient of internal friction mi generally lies between 0.5
and 1.0 for rocks (Sibson, 1985), the coefﬁcient of sliding fric-
tion is 0.6< m< 0.85 for most rocks (Byerlee, 1978); for
Fig. 10. Orientation of the regional maximum principal horizontal stress. (a) Geological sketch of the northern Adamello; the star indicates the Lobbia outcrop, where the ﬁeld
picture in Fig. 10c was taken, the triangle indicates the Passo Cercen area, where the structural data from the PCFZ were collected. (b) The orientation of the regional s1 as inferred
from the switch in the shear sense of faults within the PCFZ. (c) Field photograph of a ﬂattening zone developed at the intersection of two nearly orthogonal shear zones during
amphibolite facies (T about 550 C) deformation of the Avio tonalite (Lobbia outcrop), and (d) the same structure redrawn. The shear zones are localized along a joint (J) and
a leucocratic dyke (LD). The orientation of s1 is similar to that inferred for the PCFZ.
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convenience, the failure of intact rock and the sliding failure
envelopes have been drawn parallel with mi¼ m¼ 0.75.
(ii) A cohesive strength C¼ 35 MPa has been chosen as represen-
tative for granitoid rocks (Amitrano and Schmittbuhl, 2002).
(iii) The faults are assumed to be vertical with pure strike–slip
kinematics; averaged fault orientation is assumed to be N105
for the GLFZ and N130 15 for the PCFZ.
(iv) The stress ﬁeld is Andersonian (Di Toro et al., 2005), so that in
a strike–slip regime, the effective vertical stress (sv
0
) corre-
sponds to the intermediate principal stress (s2
0
),
sv
0
¼ rgzÿ pp¼ s2
0
(Sibson, 1974), where r is the rock density, g
is the acceleration due to gravity and z is the depth.
(v) The s1 and s3 axes are assumed to be horizontal and s1 strikes
N135, as inferred from the ﬁeld evidence in theGLFZ and PCFZ.
(vi) The value of the intermediate principal stress is assumed to be
s2¼ (s1ÿ s3)/2, following Sibson (1974).
In the GLFZ, despite the extensive ﬂuid–rock interaction in the
cataclasites, there is no evidence for pervasive macroscopic
veining. This ﬁeld observation suggests that pore pressure was
hydrostatic or lower (Di Toro et al., 2005). Assuming a depth
z¼ 10 km and an average rock density of 2.65 g cmÿ3, the effective
vertical stress (and the effective intermediate normal stress) is
s2
0
¼ sv
0
¼ rgzÿ pp¼ rgzÿ rwgzz 160 MPa for a hydrostatic pore-
ﬂuid factor l¼ pp/rgz¼ 0.4 (Fig. 11a). The GLFZ makes an angle
qr¼ 30

z qr* with the inferred direction of s1. For reactivation of
pre-existing joints, the effective normal stress acting on the fault
plane is s
0
¼ 112 MPa (Di Toro et al., 2005) (Fig. 11b).
In the PCFZ, the presence of pervasive macroscopic veining in
the tonalite suggests that ﬂuid pressure was locally higher than
hydrostatic. The fault surfaces and epidote-bearing veins are mostly
oriented at low angles to the s1 direction, with qr¼ 515
. The
depth of faulting and the vertical stress sv¼ s2 are assumed to be the
same as the GLFZ, but to allow reactivation of faults with this
orientation or vein opening, it is necessary to assume either higher
differential stresses or higher ﬂuid pressures (Fig. 11c). The sn
0
on the
PCFZ fault planeswas thus signiﬁcantly lower than in theGLFZ, since:
(i) For shear reactivation of joints, it is necessary to assume high
differential stresses, or higher ﬂuid pressure (Fig. 11c); in both
cases, however, the sn
0
on fault planes is on the order of 10–
20 MPa, signiﬁcantly lower than in the GLFZ.
(ii) Tensional veins form in planes perpendicular to the least
compressive stress s3, for (s3ÿ pp)¼ÿT and (s1ÿ s3)< 4 T,
where T¼ 0.5 C is the tensile strength of the rock (Price and
Cosgrove,1990). However, the veins in the PCFZ, striking at low
angles to the s1 direction, are better described as hybrid
extension and shear fractures, where 0.8< (s3ÿ pp)< T and
4 T< (s1ÿ s3)< 5.5 T (Price and Cosgrove, 1990). In both
extension or hybrid fracture, the effective stresses on the fault
planes is tensile, implying pore pressures approaching litho-
static values (lz 1.0) (Fig. 11d).
This analysis suggest that effective normal stresses acting on the
fault planes of the PCFZ were signiﬁcantly lower than those inferred
for the GLFZ, and that episodes of pore pressure approaching litho-
static values are likely in the PCFZ based on the observed ﬁeld
occurrence of extensive veining parallel to faults. It is therefore
proposed that the production of frictionalmelting in the PCFZwas in
most cases inhibited by: (i) low effective normal stresses acting on
a b
c d
Fig. 11. Mechanics of the GLFZ and PCFZ. (a) The reactivation angle qr, for the GLFZ and PCFZ. (b) Mohr analysis for the GLFZ. The failure envelopes for intact tonalite (solid line) and
for reactivation of a cohesion-less fault (dashed line) have been drawn based on the parameters and boundary conditions discussed in the text. The conditions for failure are reached
when the Mohr circle representing the state of stress of the fault zone strikes the failure envelope; the reactivation angle qr is half of the angle between the radius connecting the
centre of the Mohr circle and the point of contact (labelled 2qr). For sliding along a fault oriented like the GLFZ, with a reactivation angle qrz 30
 and assuming hydrostatic pore
pressure (l¼ 0.4), the estimated effective stress normal to the fault plane is 112 MPa. (c) Plot of the state of stress for the PCFZ in Mohr space. Since the depth of faulting and thus s2
are the same as in the GLFZ, the Mohr circle can touch the failure envelope at an angle qr for l¼ 0.4 and high differential stress (dotted circle) or for pore pressures higher than
hydrostatic and lower differential stress (solid circle). For l¼ 0.56 the estimated effective stress normal to the fault is on the order of 10–20 MPa. (d) The conditions for the
formation of hybrid shear extension fractures in the PCFZ. The effective normal stress of the fault is tensile.
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fault planes, allowing only limited frictional heating; (ii) high ﬂuid
pressures, which, besides lowering the effective normal stresses for
mechanical reasons, could also trigger weakeningmechanisms such
as thermal pressurization of ﬂuids during earthquakes (Sibson,1973;
Lachenbruch, 1980; Bizzarri and Cocco, 2006; Rice, 2006); (iii)
the presence of ﬂuids in the slipping zone that adsorb a relevant
amount of heat during frictional heating and buffer the increase in
temperature.
Summarizing, ﬁeld, geochemical and microstructural evidence
suggests ﬂuid–rock interaction during brittle deformation both in
the PCFZ and in the GLFZ. However, alteration and veining are more
intense in the PCFZ compared to the GLFZ (see Fig. 9e and f, Table 1).
This suggests that in the PCFZ faulting occurred in a more ﬂuid-rich
environment, which possibly experienced build ups of ﬂuid pres-
sures higher than hydrostatic. The more intense ﬂuid circulation in
the PCFZwith respect to the nearby GLFZ could be a consequence of
the different orientations of the pre-existing joints which localized
the subsequent brittle deformation (Fig. 1b). In the Adamello
batholith, the network of joints was the preferential pathway for
ﬂuid circulation, as suggested by the intense ﬂuid–rock alteration
found along joints and faults (e.g. Fig. 2), while the host tonalitewas
almost unaltered. The joints in the Presanella area (PCFZ) were
oriented at low angles with respect to the inferred regional s1, and
could have acted as dilational fractures, allowing greater amounts of
ﬂuid inﬁltration during faulting. Fluids could have been subse-
quently trapped and overpressurized by the precipitation of sub-
greenschist facies minerals (epidote, chlorite) in the fault zones. In
contrast, the joints in the Avio area (GLFZ) were oriented at higher
angleswith respect to the regional s1, in amore compressive setting
which might have impeded abundant ﬂuid inﬁltration (Fig. 1b).
6. Conclusions
Two closely located fault zones (GLFZ and PCFZ) cutting the
northern Adamello massif that were active at the same time and in
the same regional stress ﬁeld have been compared to highlight the
factors affecting the formation of pseudotachylyte during seismic
sliding. Themost relevant difference between the two fault zones is
their orientation, which is inferred to determine the different
mechanics and resulting fault rock assemblages. The GLFZ strikes at
ca. 30 to the inferred regional s1, being active under high normal
stresses (ca. 100 MPa) and low (i.e. hydrostatic) ﬂuid pressures: the
fault rock assemblage includes abundant pseudotachylytes. The
PCFZ strikes almost parallel to the s1 direction, allowing lower (10–
20 MPa) normal stresses and higher ﬂuid inﬁltration (up to ﬂuid
pressure higher than hydrostatic). Frictional heating is proportional
to the normal stress resolved on the fault plane. Under low normal
stresses, such as those developed along the PCFZ, melting could be
reached only locally. The fault rock assemblage is associated with
abundant epidote-bearing veins and cataclasites, but few pseudo-
tachylytes. Other seismically activated processes, such as thermal
pressurization of pore ﬂuids may have further inhibited the fric-
tional heating along the PCFZ.
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Evidence of dmisteinbergite (hexagonal form of CaAl2Si2O8) in pseudotachylyte:  
A tool to constrain the thermal history of a seismic event
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ABSTRACT
The determination of the maximum temperature achieved by friction melt (Tmelt) in pseudotachylyte-
bearing faults is crucial to estimate earthquake source parameters (e.g., earthquake energy budgets, co-
seismic fault strength) on a geological basis. Here we investigated the mineralogy of a pseudotachylyte 
from the Gole Larghe Fault (Italian Alps) by using X-ray powder diffraction, micro-Raman spectro-
scopy, and EDS-equipped field emission scanning electron microscopy. In particular, we report the 
presence of the hexagonal polymorph of CaAl2Si2O8 (dmisteinbergite) in a pseudotachylyte. Published 
experimental work shows dmisteinbergite can crystallize at 1200–1400 °C by rapid quenching. 
Therefore, the presence of dmisteinbergite in pseudotachylyte could be a reliable geothermometer for 
friction melts for which Tmelt has only as yet been estimated. 
Keywords: Pseudotachylyte, earthquake, dmisteinbergite, geothermometer
INTRODUCTION
Tectonic pseudotachylyte (solidified friction melt produced 
during seismic slip) is the only fault rock that records unam-
biguously the occurrence of seismic ruptures in exhumed faults 
(Sibson 1975; Cowan 1999). Therefore, pseudotachylytes may 
potentially be used to constrain fault processes and seismic 
source parameters during an earthquake (Sibson 1975; Wenk et 
al. 2000; Hirose and Shimamoto 2005; Di Toro et al. 2005). For 
example, pseudotachylyte-bearing faults retain information on 
the earthquake energy budget (Pittarello et al. 2008) or on fault 
strength during seismic slip (Sibson 1975; Di Toro et al. 2005; 
Andersen et al. 2008) that is out of the range of seismological 
investigations (Kanamori and Heaton 2000). However, to deter-
mine, for instance, the amount of heat produced during seismic 
slip, one poorly constrained unknown parameter is the maximum 
temperature achieved by the friction melt (Tmelt). The difficulty 
in estimating Tmelt arises from the fact that frictional melting is 
a non-equilibrium process (Bowden and Tabor 1950). Based on 
the melting temperatures of the single mineral phases of the host 
rock, it is only possible to estimate the minimum temperature 
of the melt (Spray 1992). Because melts may undergo further 
viscous shear heating during seismic slip (melt superheating, Di 
Toro and Pennacchioni 2005; Nielsen et al. 2008), it follows that 
Tmelt could be higher than temperature estimated from melting of 
single minerals. Pseudotachylytes consist of lithic clasts (i.e., 
grains that survive melting) suspended in glass-like (glass or 
cryptocrystalline to microcrystalline) matrix, which includes mi-
crolites nucleated during cooling of the melt (Shand 1916; see also 
Magloughlin and Spray 1992, Snoke et al. 1998, Lin 2008, and Di 
Toro et al. 2009 for reviews). Given the difficulties highlighted 
above, several methods have been used to estimate Tmelt. These 
include the composition of the glass (Lin 1994a), the mineralogy 
of the newly grown microlites [two pyroxene geothermometer, 
Toyoshima (1990); omphacite-garnet geothermometer, Austrheim 
and Boundy (1994); plagioclase crystallization, Lin (1994b); 
olivine crystallization, Obata and Karato (1995); pigeonite crystal-
lization, Camacho et al. (1995); mullite crystallization, Moecher 
and Brearley (2004); olivine, clino-, and ortho-pyroxene crystalli-
zation, Andersen and Austrheim (2006); the volume ratio between 
lithic clasts and matrix in pseudotachylytes, O’Hara (2001), the 
distribution of microstructures in pseudotachylyte veins, Di Toro 
and Pennacchioni (2004); or commonly, the mineralogy of the 
lithic clasts, Maddock (1983), Boullier et al. (2001)]. Using these 
methods, estimates of Tmelt in natural pseudotachylytes range 
between 750–1750 °C.
Here we have investigated pseudotachylytes from the Gole 
Larghe Fault (Italian Alps, Di Toro and Pennacchioni 2004) using 
X-ray powder diffraction (XRPD), micro-Raman spectroscopy 
(MRS), and EDS-equipped field emission scanning electron 
microscope (FESEM). Using this multidisciplinary approach, we 
have identified unambiguously in a pseudotachylyte the presence 
of the hexagonal polymorph of CaAl2Si2O8 called dmisteinbergite 
(Chesnokov et al. 1990). Dmisteinbergite, although included in 
the feldspar group, is quite different in that it has a phyllosilicate 
crystal structure. Microlites of plagioclase are well known to be 
one of the most common constituents of the pseudotachylytes 
(Shand 1916; Philpotts 1964; Sibson 1975; Passchier 1982; 
Maddock 1983; Macaudière et al. 1985; Magloughlin 1992; Lin 
1994b, 2008; Snoke et al. 1998 for several examples; Shimada et 
al. 2001; Plattner et al. 2003; Caggianelli et al. 2005), but until 
now, no dmisteinbergite has been identified, probably due to the 
analytical techniques applied. Dmisteinbergite was originally * E-mail: fabrizio.nestola@unipd.it
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described in pyrometamorphic rocks from naturally burned coal-
bearing spoil-heaps (Chelyabinsk coal basin, Russia) (Chesnokov 
et al. 1990; Sokol et al. 1998 and references therein). However, 
unpublished data also describe large crystals of dmisteinbergite 
in association with a zeolite (wairakite, CaAl2Si4O12⋅2H2O) in a 
gabbro (Kurumazawa, Japan). Thus, dmisteinbergite apparently 
can form both from high temperature combined with rapid cooling 
(Sokol et al. 1998) or hydrothermally (wairakite occurs widely 
in low-grade metamorphic rocks, sedimentary environments, 
and hydrothermal areas; Ori et al. 2008 and references therein). 
Prior to these reports, dmisteinbergite was obtained only in the 
laboratory under specific conditions. For instance, Abe et al. 
(1991) demonstrated that dmisteinbergite crystallizes from a su-
percooled anorthitic melt and at temperatures between 1200–1400 
°C. However, Borghum et al. (1993) showed that dmisteinbergite 
can also grow in hydrothermal conditions, confirming the above 
finding of such a phase in association with zeolites. 
In this work, we report dmisteinbergite from a pseudotachylyte 
vein. As such a phase can crystallize only under specific condi-
tions of temperature and cooling rate, its occurrence could be a 
useful temperature marker (possibly approaching Tmelt) for ex-
trapolating earthquake source parameters from exhumed faults. 
GEOLOGICAL SETTING
The pseudotachylyte was collected from the Gole Larghe 
Fault Zone, which cuts the tonalites of the Adamello batholith 
(Italian Southern Alps, for details about the fault zone, see Di 
Toro and Pennacchioni 2005). The fault zone consists of more 
than 200 sub-parallel cataclasite-pseudotachylyte-bearing faults 
and was active 30 Ma ago, at 9–11 km depth, 250–300 °C ambi-
ent temperature, and under low pore fluid conditions (Di Toro et 
al. 2005). The pseudotachylytes are associated with cataclasites 
(cohesive fault rocks formed by fragmented tonalite cemented by 
epidote, K-feldspar, and minor chlorite) within the host tonalites 
(plagioclase 48%, quartz 29%, biotite 17%, and K-feldspar 
6%) (Di Toro and Pennacchioni 2004; the whole-rock chemical 
composition of the initial tonalite and of the pseudotachylyte 
matrix are reported in the same work). The studied sample is a 
5–8 mm thick pseudotachylyte fault vein hosted in tonalite (no 
evidence of cataclasite precursor) and described in detail by 
Pittarello et al. (2008).
EXPERIMENTAL METHODS
Microstructural investigations were performed on carbon-coated, polished 
thin sections with a field emission scanning electron microscope (FE-SEM) 
JSM6500F upgraded to version 7000 and equipped with an energy dispersive 
X-ray spectroscopy (EDS) analyzer with internal standards for quantitative chemical 
composition (Istituto Nazionale di Geofisica e Vulcanologia, Rome, INGV, Italy). 
Backscattered electron (BSE) images were collected at working distance of 10 mm 
and accelerating voltage of 10 kV; the BSE resolution in these conditions is 4 nm. 
The EDS electron beam spot size for analysis was 400 nm as estimated by means 
of Monte Carlo Method simulations.
Powder X-ray diffraction (XRPD) data were obtained by step scanning using an 
automated diffractometer system (Philips X’Change) with incident- and diffracted-
beam soller slit (0.04 rad.). The instrument was equipped with a curved graphite 
diffracted-beam monochromator and a gas proportional detector. Divergence and 
antiscatter slits of 1/2° were used so that the irradiated area could be confined to 
the sample at angles >10 °2θ. A receiving slit of 0.2 mm was used. A long fine 
focus Cu X-ray tube was operated at 40 kV and 30 mA. Diffraction pattern was 
obtained using a step interval of 0.02 °2θ with a counting time of 15 s. The scan 
was performed over the range 3–70 °2θ. The program High Score Plus (PANalyti-
cal) was used for phase identification and Rietveld refinement (Rietveld 1967). 
The starting structural model of dmisteinbergite was from Takeuchi and Donnay 
(1959) (ICSD code 26486). A pseudo-Voigt function was employed for the profile 
shapes. Refined parameters were scale factors, zero-shift, background (Chebyshev 
function with 6 coefficients), lattice constants, and profile parameters (Gaussian 
and Lorentzian coefficients). The agreement indices were Rp = 7.3% and Rwp = 
9.9%. For dmisteinbergite, RBragg = 6.3%. 
Raman spectra were collected from the same powdered material studied by 
XRPD with a home-built micro-Raman system, based on a single 320 mm focal 
length imaging spectrograph, a Triax-320 ISA instrument, equipped with a holo-
graphic 1800 g/mm grating and a liquid-nitrogen-cooled CCD detector (Spectrum 
One ISA Instruments). The excitation source was a Spectra Physics Ar+ laser 
(Stabilite 2017-06S) operating at 514.5 nm. A Kaiser Optical System holographic 
notch filter (514.5 nm) was used to reduce the stray-light level. An Olympus BX 
40 optical microscope equipped with three objectives, 20×/0.35, 50×/0.75, and 
100×/0.90, was optically coupled to the spectrograph. This made it possible to 
observe the sample with the microscope and then to select particular micrometric 
regions for Raman analysis. With the 100× objective, the lateral resolution is 
estimated to be 0.5 μm and the depth of focus between 1–2 μm. To avoid optical 
damage to the sample, the power of the exciting radiation was maintained between 
10 and 50 mW. The Raman spectra were recorded between 147 and 1200 cm–1 with 
an instrumental resolution of about 2 cm–1. 
RESULTS
Under the FE-SEM, the pseudotachylyte vein comprises 
clasts of quartz and plagioclase, immersed in a cryptocrystalline 
rock matrix composed of nanometer-sized biotite and plagioclase 
(as demonstrated by XRPD, see below) and micrometer-scale 
titanite-rich clusters (Fig. 1). The quartz clasts are rimmed by 
500 nm thick, medium-gray Ca-rich layers and by micrometer-
thick, dendritic, silica-rich layers (Fig. 1). EDS analysis of the 
medium-gray layer indicates the presence of a mineral phase 
with CaAl2Si2O8 composition. Due to its identical composi-
tion to anorthite, we combined the experimental techniques of 
X-ray diffraction and Raman spectroscopy to determine that 
the CaAl2Si2O8 phase was dmisteinbergite. Dmisteinbergite is 
likely also present in the cryptocrystalline pseudotachylyte. In 
fact, based on the quantitative analysis by the Rietveld method, 
the volume proportion of dmisteinbergite is too high to be ac-
counted for solely by the thin rims surrounding the quartz grains. 
However, we could not identify dmisteinbergite in the matrix by 
Raman spectroscopy due to its small grain size, probably much 
smaller than the Raman probe size.
The XRPD diffractogram presented in Figure 2 unambigu-
ously indicates the presence of dmisteinbergite with a volume 
proportion refined by Rietveld analysis (Rietveld 1967) of 18.2 
wt%. The match between the XRPD profile of the Gole Larghe 
Fault dmisteinbergite and that reported in the literature (PDF2 
ICDD 74-0814) is excellent (Fig. 2). The unit-cell parameters for 
dmisteinbergite obtained by indexing the reflections in Figure 2 
are a = 5.1100(2) Å, c = 14.738(1) Å, and V = 333.278 Å3. The 
calculated V reported here is 0.7% smaller than that given by 
Sokol et al. (1998), but this difference can be understood because 
the latter sample contained a small fraction of Na substituting 
for Ca. The overall quantitative analysis by the Rietveld method 
gives (in wt%): 40.5 quartz, 20.5 plagioclase, 18.2 dmisteinber-
gite, 17.5 biotite, and 3.3 titanite (Fig. 2). 
Micro-Raman spectra collected on several pseudotachylyte 
grains in every case indicate the presence of dmisteinbergite and 
quartz. In Figure 3, the published spectrum of dmisteinbergite 
from the RRUFF Raman database (identification code R061075; 
Downs 2006) is compared to the spectrum collected in this work. 
At least five peaks match well those of the reference dmistein-
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bergite; the observed peaks 329.8, 441.8, 800.6, 895.5, and 913.6 
cm–1 exactly match the reference peaks 327.9, 439.8, 800.4, 894.4, 
and 912.3 cm–1, within the 2 cm–1 instrument resolution. The 
remaining peaks of our spectrum clearly belong to quartz (see 
reference quartz in the same Raman database, code R040031). 
For purpose of comparison and to show how dissimilar are the 
Raman spectra of the main phases found in our vein, we also 
give the main Raman peaks for anorthite (Raman database, code 
R040059, Downs 2006): 147, 196, 488, 505 (these two are the 
more intense for anorthite) and 559 cm–1; and for biotite (Wang 
et al. 1994): 178, 549, 679, 717, 767 (these last three peaks are 
the more intense for biotite), and 3650 (OH group) cm–1. 
DISCUSSION
Before it was identified in nature, dmisteinbergite was studied 
by several authors as a synthetic phase, and it was demonstrated 
that it could be obtained under high-temperature conditions and 
in a supercooled melt (e.g., Abe et al. 1991). Its rarity in nature 
is likely due to its metastability (Abe and Sunagawa 1995). 
Nucleation of metastable phases is known for several silicates 
and they are observed, for example, when a melt is cooled in-
stantaneously or a glass is heated rapidly (Putnis and Bish 1983). 
Hexagonal form of CaAl2Si2O8 was also synthesized by hydro-
thermal processing of monocalcium aluminate (CaAl2O4) and 
quartz at temperatures as low as 200 °C (Borghum et al. 1993), 
but such ambient conditions are ruled out for a pseudotachylyte 
produced by frictional melting of tonalite where the temperatures 
achieved are markedly higher and no monocalcium aluminate 
is available. Moreover, hydrothermal processing and alteration 
of the pseudotachylyte should have caused the breakdown of 
microlites of biotite into chlorite, a breakdown reaction that is 
not observed in the rocks studied. We consider dmisteinbergite 
found in this work of high-temperature origin for the following 
reasons: (1) presence of nano-crystals of dmisteinbergite, which 
is inconsistent with the hypothesis of a low-temperature and 
hydrothermal environment of crystallization (the only reported 
dmisteinbergite of low temperature in nature is present in crystals 
of centimeter size), and (2) absence of wairakite or other zeolite-
type minerals that are found in association with dmisteinbergite 
in a hydrothermal environment. 
Recent works focused on the high-temperature modifications 
of CaAl2Si2O8 polymorphs reported by Abe et al. (1991) and Abe 
and Sunagawa (1995). In those works, the authors investigated a 
melt of pure anorthitic composition (plus a melt with composi-
tion anorthite:wollastonite = 80:20) and a melt with composition 
anorthite:forsterite:silica = 70:10:20, respectively. Abe et al. 
(1991) found that the hexagonal form of CaAl2Si2O8 nucleates 
and grows prior to the appearance of stable anorthite when the 
melt is supercooled below 1200 °C, has a melting point of 1400 
± 15 °C, and rapidly disappears in the presence of anorthite. Abe 
and Sunagawa (1995), studying an impure anorthitic composition, 
found that by supercooling the melt (with a ΔT = 350–400 °C) 
down to 1100–1000 °C, dmisteinbergite nucleates dominantly 
instead of anorthite (similar to the An100 and An80Wo20 melts see Abe 
et al. 1991). In conclusion, they found that the hexagonal form of 
FIGURE 1. Pseudotachylyte from the Gole Larghe Fault. Microstructure 
of the pseudotachylyte vein: quartz clasts (Qz) are surrounded by a silica-
rich, dendritic-like, dark colored halo; the dmisteinbergite (Dm) is the 
medium gray phase (grains are 200 nm in length) between the quartz 
clast and the dark halo. The matrix is composed of biotite, plagioclase 
and aggregates of titanite (bright spots) (BSE, FE-SEM image). 
FIGURE 2. X-ray powder diffraction pattern of the Gole Larghe 
Fault pseudotachylyte. Black line = observed diffraction profile; blue 
line = calculated diffraction profile by Rietveld refinement; green line = 
background; red line = difference plot between observed and calculated 
diffraction profile.
FIGURE 3. Raman spectrum of one grain from the same sample 
of pseudotachylyte studied by X-ray powder diffraction. Black line 
= measured spectrum; red line = Raman spectrum of dmisteinbergite 
(sample R040031, http://rruff.info/, Downs 2006). The ellipses highlight 
the match between the dmisteinbergite studied in this work and that 
reported in the RRUFF database.
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CaAl2Si2O8 cannot coexist in nature with anorthite. In early work 
on anorthitic melt compositions (Davis and Tuttle 1951), it was 
found that rapid quenching of the melt to 1200 °C yields only the 
hexagonal polymorph. Bruno et al. (1976) also observed that for 
an anorthitic melt quenched from 1530 °C to room temperature 
in a few seconds, only anorthite is produced. Based on these ex-
perimental results, it appears that the presence of dmisteinbergite 
in natural pseudotachylytes could be a reliable indicator of high-
temperature conditions and extremely rapid quenching.
The direct extrapolation of experimental results to natural 
conditions is not straightforward. First, the bulk composition 
of the pseudotachylyte precursor (i.e., tonalite or cataclasite in 
the case of the Gole Larghe Fault zone) is not pure anorthite. 
However, the high-temperature experiments on the hexagonal 
form of CaAl2Si2O8 were also performed on impure anorthitic 
composition, yielding similar results (Abe and Sunagawa 1995). 
Therefore, the temperature of the polymorphic transformation 
of CaAl2Si2O8 does not depend upon the initial bulk composi-
tion of the melt but only on the temperature and on the rate of 
supercooling. Second, the pseudotachylyte from the Gole Larghe 
Fault Zone was produced at 10 km depth (which corresponds to 
a confining pressure of 0.25 GPa) and probably under low pore 
pressures (Di Toro and Pennacchioni 2004; Di Toro et al. 2005). 
However, Morse (1980) showed that the confining pressure (at 
least up to 1 GPa) does not have any effect on the melting point 
for a pure anorthite and it increases the melting point by only 
10–15 °C for An80Ab20 compositions. Third, dmisteinbergite 
has a crystal structure (i.e., sheet silicate) totally distinct from 
that of anorthite (Ito 1976). This implies that the transformation 
from dmisteinbergite to anorthite must be reconstructive (i.e., 
breaking and formation of new chemical bonds), a type of lattice 
rearrangement that requires high activation energies and transi-
tion times on the order of minutes. 
The sample studied was extracted from a pseudotachylyte-
bearing fault vein that was 8 mm thick. In the case of an 8 mm 
thick melt layer with an initial temperature of 1450 °C and hosted 
in a rock at 250 °C, thermal modeling suggests that cooling 
rates can be as large as 100–200 °C/s approaching the center of 
the vein (at the vein margins cooling to about half of the initial 
temperature of the melt is almost instantaneous: see Di Toro and 
Pennacchioni 2004 for thermal modeling details). It follows that 
the dmisteinbergite was preserved in the pseudotachylyte because 
the lattice rearrangement to anorthite would have required longer 
times to transform (Abe and Sunagawa 1995). The finding of 
dmisteinbergite suggests Tmelt close to 1400 °C, consistent with 
the previous estimate of 1450 °C based on the distribution of 
the microstructures in the pseudotachylyte (Di Toro and Pennac-
chioni 2004). However, the previous Tmelt estimate was based on 
many assumptions and time consuming microstructural work. 
This is only the third reported occurrence of dmisteinbergite 
in nature; therefore, it would appear that dmisteinbergite cannot 
be a useful thermal marker because of its rarity. In addition, to 
identify this mineral several analytical techniques in combination 
are required. However, given the small grain size, we suggest that 
dmisteinbergite may not be so rare, but rather that its abundance 
is simply underestimated. We expect dmisteinbergite is probably 
more common than reported in rocks produced during large ther-
mal pulses (e.g., seismic faulting, but also meteorite impacts). 
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[1] The San Andreas Fault Observatory at Depth (SAFOD)
in Parkfield, central California, has been drilled through a
fault segment that is actively deforming through creep and
microearthquakes. Creeping is accommodated in two fault
strands, the Southwest and Central Deforming Zones,
embedded within a damaged zone of deformed shale and
siltstone. During drilling, no pressurized fluids have been
encountered, even though the fault zone acts as a permeability
barrier to fluid circulation between the North American and
Pacific plates. Microstructural analysis of sheared shales
associated with calcite and anhydrite‐bearing veins found
in SAFOD cores collected at 1.5m from the Southwest
Deforming Zone, suggests that transient increases of pore
fluid pressure have occurred during the fault activity, causing
mode I fracturing of the rocks. Such build‐ups in fluid
pressure may be related to permeability reduction during fault
creep and pressure‐solution processes, resulting in localized
failure of small fault zone patches and providing a potential
mechanism for the initiation of some of the microearthquakes
registered in the SAFOD site. Citation: Mittempergher, S.,
G. Di Toro, J. P. Gratier, J. Hadizadeh, S. A. F. Smith, and R. Spiess
(2011), Evidence of transient increases of fluid pressure in SAFOD
phase III cores, Geophys. Res. Lett., 38, L03301, doi:10.1029/
2010GL046129.
1. Introduction
[2] The NSF EarthScope San Andreas Fault Observatory
at Depth (SAFOD) in Parkfield offers the opportunity to
correlate physical and chemical processes identified in core
samples with high‐resolution seismological and geophysical
data [Zoback et al., 2010]. The SAFOD is located in the
transition zone between the creeping segment of the SAF
(to the north), and the southern “locked” segment, which
lastly ruptured in the 1857 Mw7.8 Fort Tejon earthquake
(Figure 1a). Near Parkfield, the SAF activity includes per-
manent creep at about 20 mm yr−1 [Titus et al., 2006],
microearthquakes [e.g., Nadeau and Johnson, 1998] and
moderate (∼M6) earthquakes‐that have nucleated at fairly
regular intervals between 1857 and 2004 [e.g., Bakun et al.,
2005]. The SAFODmain hole crosses the actively deforming
SAF at about 2.7km of vertical depth, approximately 100m
above the hypocentral area of a cluster of repeating M2
earthquakes, which was one of the targets for drilling
[Nadeau et al., 2004]. During 2007, about 40 m of core was
extracted parallel to the main hole, including a section that
crosses the two actively creeping strands of the fault
detected by borehole casing deformation, named Southwest
Deforming Zone (SDZ) and Central Deforming Zone (CDZ)
[Zoback et al., 2010] (Figures 1a–1c).
[3] Slip in the SAF occurs at much lower shear stress than
expected based on laboratory friction of rock forming
minerals [Brune et al., 1969], suggesting that it behaves as a
weak fault in a strong crust [Rice, 1992]; such a model is
confirmed by down hole stress measurements andmechanical
modeling [Hickman and Zoback, 2004; Chéry et al., 2004;
Boness and Zoback, 2006]. Pressurization of the fault core
by pore fluids was one of the explanations suggested for the
low strength of the SAF [Rice, 1992]. Since no fluid pres-
sure higher than hydrostatic has been detected during dril-
ling [Zoback et al., 2010], the most convincing mechanisms
remain the presence of intrinsically weak material within the
actively creeping sections [e.g., Moore and Rymer., 2007]
and the effect of stress driven pressure solution creep
processes [Gratier et al., 2009]. The study of the source
mechanisms of repeating microearthquakes in Parkfield at
depth of 2–5 km reveals peak stress drops exceeding
50MPa [Imanishi and Ellsworth, 2006; Dreger et al., 2007],
suggesting that relatively strong asperities exist within an
otherwise weak fault zone.
[4] We performed microstructural, mineralogical and
geochemical analyses on samples collected at 1.5m from the
south‐eastern boundary of the SDZ. The sampled core
shows contemporary occurrence of veins and sheared shales
(Figure 1d). Here we provide possible evidence of fracture
opening in the presence of fluids and discuss mechanisms
for permeability reduction and strength recovery after failure.
The analytical techniques applied, including X‐Ray Powder
Diffraction (XRPD), X‐Ray Fluorescence (XRF) mapping,
Field‐Emission Scanning Electron Microscope (FE‐SEM),
cathodoluminescence (CL) optical microscope and Electron
Back Scatter Diffraction (EBSD), are described in the auxiliary
material.1
2. The Sample
[5] The damage zone of the SAF is identified in the
borehole as a zone of low seismic velocities (Figure 1c), and
is composed of sheared and fractured shales, siltstones and
sandstones of the Great Valley Formation [Solum et al., 2006]
(Figure 1b). The studied core section includes sheared Fe‐rich
1Dipartimento di Geoscienze, Università di Padova, Padua, Italy.
2LGIT, Université Joseph Fourier – Grenoble I, Grenoble, France.
3Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy.
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shales with embedded veined sandstone ribbons (Figure 1d).
The phase III cores have been drilled along a trajectory
parallel to that of the main hole, and we consider the attitude
of the main hole axis as a reference to infer an approximate
orientation of the sample. Using the foliation in the shale as
reference plane and assuming that its attitude is roughly
parallel to the SAF plane (Figures 1d and 1e), the veins are
subvertical and make an angle of 40–100° clockwise with
the foliation plane (Figures 1e and 1f).
3. Observations
[6] The sandstone in the studied core is medium grained
(<500 mm), composed of clasts of plagioclase, K‐feldspar,
quartz, mica and bioclasts and cemented by quartz. Perva-
sive macroscopic and microscopic veins in the sandstone are
sealed by calcite and anhydrite; the veins crosscutting the
boundary between sheared shale and sandstone are intruded
by the shale (Figures 1f and 2a). The veins oriented at an
acute angle to the shale foliation are extensional, while those
roughly perpendicular to the shale foliation show extension
with a component of sinistral shear (Figure 1f).
[7] The sheared shale is composed of illite and illite‐
smectite interlayers (altogether 48.9%), quartz (18.9%), albite
(14.5%), K‐feldspar (11.2%) and chlorite (4.9%), with minor
calcite (1.1%) and pyrite (0.5%) (Rietveld XRPD quantita-
tive analysis). The illite‐smectite interlayers contain about
20% smectite. The sheared shale is foliated along clay‐rich
Figure 1. Sample location. (a) Sketch of the SAFOD location in California. The SAF is in red (locked segments), blue
(creeping section) and green (transition zone). (b) Schematic geological section of the SAFOD site, parallel to the borehole
trajectory (thick black line) [Zoback et al., 2010]. In red, the segment enlarged in Figure 1a. (c) The downhole geophysical
logs of the SAFOD main hole, with the location of the sample (black arrow). Highlighted in red, the actively deforming fault
strands. (d) The studied core section (image from http://www.earthscope.org/observatories/safod/). (e) Lower hemisphere
stereoplot of great circles corresponding to the attitude of the SAF in Parkfield (red, datum from Boness and Zoback [2006])
and the inferred attitude of the foliation planes in the studied core (dotted line) and the vein planes (gray). (f) Polished thin
section, reflected light photomosaic (Cc: calcite, Anh: anhydrite, SS: sheared shale, St: sandstone). Inset: rose diagram of the
orientation of the anhydrite‐calcite veins, referred to the foliation in the gouge; dashed lines contours the number of counted
segments (see auxiliary material for details of fracture counting). The black square is the area in Figure 2a.
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dissolution seams, bended toward the intrusion in the veins
(XRF chemical map, Figure 2a). The material within the
foliation planes have smaller grain size and is depleted in Ca,
Na, K, Si and enriched in Fe and Mg relative to the less
deformed shale. This evolution is seen when comparing the
foliation with the initial texture preserved within a strain
shadow around a pyrite clast (Figure 2b). Locally the folia-
tion shows an S‐C′ texture [Passchier and Trouw, 2005]
(Figures 2c and 2d). FE‐SEM observations show that
fibrous, micrometric illite‐smectite lamellae have grown in
strain shadows around clasts and within intragranular
microcracks (Figure 2d). In the apical part of the veins
(Figures 2a and 2e) intruded by randomly arranged clays and
clasts from the shale layer, the pore spaces are filled by calcite
(Figure 2e). The calcite and anhydrite crystals sealing
the veins are mostly euhedral, forming a blocky texture
[Passchier and Trouw, 2005], and include domains of elon-
gated crystals (Figure 3a). Calcite shows thin and straight
twins, a texture typical of deformation at temperatures below
200°C [Ferrill et al., 2004]. Under the cathodoluminescence
microscope, calcite has either dark or light orange lumi-
nescence. In the thick vein in Figure 2a, the calcite crystals
close to the vein borders have a dark nucleus and a lighter
rim and have a blocky texture. In contrast, the calcite
crystals towards the vein centre have light rims alternating
with dark rims and crystals are elongated with the long axis
perpendicular to the vein walls (stretched‐fibrous texture)
(Figure 3a). In the latter texture, the associated anhydrite
crystals show similar stretched‐fibrous crystals associated
with microcracks oriented parallel to the long axis of the
light and dark luminescence rims in calcite. EBSD analysis
on calcite has been performed along the vein borders
(blocky calcite, Figure 3b), and towards the vein centre
(elongated calcite, Figure 3c). The pole figures in blocky
and elongated calcite show preferential distribution maxi-
mum density of the ‘c’ axes lower than 2.5 times the mean
unit density (MUD), indicating a weak crystallographic
preferred orientation (CPO). The blocky calcite is charac-
terized by a weak maximum of the ‘c’ axes in a direction
perpendicular to the vein borders. In elongated calcite, the
Figure 2. Geochemistry and microstructures. (a) Elemental chemical composition by superimposition of XRF chemical
maps. Dashed lines: phyllosilicate‐rich dissolution seams. (b) Detail of the elemental composition of a strain shadow around
a pyrite clast (Py) within the sheared shale. Outside the strain shadow (dashed white line), there is sharp grainsize reduction,
leaching of Ca and Si, and passive concentration of Fe and Mg‐bearing phyllosilicates (superimposition of SEM‐EDS
chemical maps). (c) Foliated clay‐rich shale with S‐C′ foliation (optical micrograph, crossed Nicols). (d) Fractures within
an apatite (Ap) clast filled by fibrous Illite‐Smectite (I‐S) lamellae. The S foliation is defined by a chlorite crystal (FE‐SEM
BSE image). (e) Blocky calcite filling the pore spaces within the shale particles from the apical part of the vein intruding the
sandstone (FE‐SEM BSE image).
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distribution of ‘c’ axes shows a minimum parallel to the vein
borders, with the ‘c’ axes plotting within a broad girdle
roughly perpendicular to the vein borders.
4. Discussion and Conclusions
[8] The creeping deformation within the SAF is localized
within the SDZ and the CDZ. The samples we studied are
from the deformed sediments at about 1.5 m from the SDZ
margin, and thus the deformation structures we described
cannot be rigorously related to the active deformation. The
location of the microearthquakes associated to the SAF is
even less constrained, since they register static stress drops
(up to 120 MPa) compatible with fracturing in relatively
strong rocks [Imanishi and Ellsworth, 2006]. Therefore, we
suggest that the microearthquakes might be localized within
the damaged zone, or at the boundaries between creeping
zones and damage zone. Here we discuss how the defor-
mation processes active within the siliciclastic sediments in
the damage zone can cause local fluid overpressure and
brittle failure.
[9] The development of a foliation in the sheared shale is
associated with dissolution of quartz and feldspar clasts and
growth of clay lamellae in microcracks. These processes are
typical of stress driven pressure solution [Gratier et al.,
2009], and might cause permeability reduction due to pas-
sive concentration of clay minerals such as illite and illite‐
smectite, clast size reduction and pore space closure at the
micrometric scale. The loss of Ca and Na and the passive
enrichment in Fe and Mg along dissolution planes due to
fault‐perpendicular compression is a phenomenon docu-
mented at all scales in the SAF damage zone [Schleicher
et al., 2009; Gratier et al., 2009]. Since dissolution planes
are roughly perpendicular to the main compressive stress,
they contribute to the development of fault‐parallel perme-
ability barriers that may separate compartments with distinct
Figure 3. Microstructure of the calcite veins. (a) In blocky crystals close to the vein border, calcite is uniformly dark with a
thin light rim; in the stretched calcite toward the vein centre, a fine scale banding of light and dark calcite is visible (CL
micrograph). (b, c) EBSD data. C‐axes orientation plotted in a lower hemisphere stereogram, as scattered data and contour
plots; contours are expressed as multiples of mean unit density (MUD); the horizontal line in the pole figures coincides with
the long axis of the CL micrograph. (d) Blocky calcite in the apical part of one of the veins, showing pervasive low tem-
perature twinning. (e) Sketch of the Murrell‐Griffith criterion of failure and the state of stress in the vicinity of the SAF
[from Hickman and Zoback, 2004]. The conditions for extensional or hybrid fracturing are met when the least principal
stress s3 is negative, after a negative shift due to pore pressure higher than the lithostatic value.
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fluid composition, as revealed by abrupt changes in real
time mud gas analysis observed during drilling into the SAF
[Wiersberg and Erzinger, 2008].
[10] Veining and dilational jogs (consistent with dextral
sense of shear of the SAF) in other core sections are sealed
by calcite and anhydrite, suggesting that mineral precipita-
tion was related to the SAF activity (SAFOD, The core
Atlas (version 4), 2010, available at http://www.earthscope.
org/es_doc/data/safod/Core%20Photo%20Atlas%20v4.pdf).
The blocky texture of calcite and the intimate intergrowth of
calcite and anhydrite in the veins indicate that vein opening
was faster than calcite and anhydrite growth [e.g., Passchier
and Trouw, 2005], and mineral precipitation occurred into a
free fluid in an open vein. This is supported by the weak
CPO of blocky calcite with the ‘c’ axis perpendicular to the
vein margins: after nucleation along the vein margins, cal-
cite crystals, which are trigonal and thus anisotropic, grow
faster in direction of the ‘c’ axis. This process would result
in a weak CPO due to growth competition [Nollet et al.,
2005]. The intrusion of sheared shale into the veins is
another indication that vein opening was sudden; disruption
of foliation and calcite pore fillings within the intrusions
suggest that the shale particles were mixed with fluids. The
vein texture and their medium to high angle orientation to
the foliation in the shale indicate that veins formed either
as mode I fractures due to intrusion of pressurized shale
material, or as hybrid shear – extensional [Ramsey and
Chester, 2004] fractures. Following the Murrell‐Griffith
criterion of failure (Figure 3e), to form either extensional
(mode I) or hybrid shear – extensional (modeI/modeII) frac-
tures, it is necessary that the effective least principal stress is
tensional: s′3 = (s3 − Pf) < 0. At about 2.7 km of depth, in
the stress regime of the SAF, which is transitional between
strike slip and reverse with sh ≈ sv as in the SAF, these
conditions are satisfied when the fluid pressure is higher
than lithostatic (Figure 3e).
[11] After sealing, the veins underwent further deforma-
tion, as suggested by twinning and stretching in calcite
crystals. In elongated calcite, (1) the fine‐scale alternation of
light and dark luminescence rims and, (2) the ‘c’ axis pref-
erentially oriented perpendicular to the vein margin (similar
orientation as in the blocky grains), suggest incremental
grain growth (“crack‐seal”, [Ramsay, 1980]), inheriting the
orientation of the former blocky crystals (Figures 3a–3c).
The change in calcite luminescence, which is influenced by
traces of Fe and Mn, indicates a modification of fluid com-
position after the main fracturing episode.
[12] Following these observations, we propose that one of
the possible mechanisms of rupture initiation in relatively
“strong” rocks embedded within the damage zone of the
SAF could be a transient increase of fluid pressure in iso-
lated compartments where the circulation of fluids is limited
by fault‐parallel horizons consisting of insoluble minerals.
Anomalies in the focal mechanisms of two M4 earthquakes
in Parkfield area support a non double couple component,
suggesting that some seismic ruptures might be initiated in
presence of high fluid pressure and then propagate with a
dominant shear component [Johnson and Mc Evilly, 1995].
Some of the “asperities” responsible for microearthquakes in
the Parkfield segment of the SAF might thus be represented
by compartments where the fluids might accumulate due to
permeability reduction during compaction and pressure
solution processes in clay‐rich sedimentary inclusions or
fault gouges [e.g., Sleep and Blanpied, 1992].
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ABSTRACT
Active faults in the upper crust can either slide steadily by 
aseismic creep, or abruptly causing earthquakes. Creep relaxes the 
stress and prevents large earthquakes from occurring. Identifying 
the mechanisms controlling creep, and their evolution with time and 
depth, represents a major challenge for predicting the behavior of 
active faults. Based on microstructural studies of rock samples col-
lected from the San Andreas Fault Observatory at Depth (Califor-
nia), we propose that pressure solution creep, a pervasive deforma-
tion mechanism, can account for aseismic creep. Experimental data 
on minerals such as quartz and calcite are used to demonstrate that 
such creep mechanism can accommodate the documented 20 mm/yr 
aseismic displacement rate of the San Andreas fault creeping zone. 
We show how the interaction between fracturing and sealing con-
trols the pressure solution rate, and discuss how such a stress-driven 
mass transfer process is localized along some segments of the fault.
INTRODUCTION AND GEOLOGICAL FRAMEWORK
Aseismic deformation is observed in active fault zones, but the mech-
anisms of deformation are still unclear (Scholz, 2002). Samples collected 
from the San Andreas Fault Observatory at Depth (SAFOD, California) 
allow correlation of fault rock microstructures with real-time geophysical 
data, and therefore provide useful information for identifying such mecha-
nisms. Here we show that a stress-driven mass transfer process, i.e., pres-
sure solution creep (Rutter and Mainprice, 1978), can accommodate the 
aseismic deformation of the San Andreas fault.
The SAFOD borehole, drilled to 3 km depth, is at the southern part 
of a 175-km-long creeping section of the San Andreas fault (Fig. 1A). 
The sliding rate is 28 mm/yr in the central part of the creeping seg-
ment, and decreases toward both northern and southern ends (Fig. 1B). 
The creep rate near the SAFOD site is ~20 mm/yr (Fig. 1B), as mea-
sured at the surface within a 20-m-thick fault zone (Titus et al., 2006). 
Such a narrow creeping zone appears to extend through the entire upper 
crust, coinciding with a zone of observed microseismicity (Nadeau and 
Dolenc, 2005). The southernmost part of the creeping section, where the 
creeping rate gradually falls to zero (Fig. 1B), is a zone of repeating M6 
earthquakes, the most recent being the 2004 M6 Parkﬁ eld earthquake.
At the SAFOD site, the right-lateral displacement of the San 
Andreas fault has juxtaposed arkosic sandstones and conglomerates 
of the Paciﬁ c plate against the shale, siltstone, and claystone of the 
North American plate (Fig. 1C). Microstructural observations of the 
core samples show evidence of deformation across the damaged zone 
extending to core-parallel depths of 3150–3410 m (Zoback et al., 2010): 
shear zones alternate with foliated rocks more or less parallel to the 
San Andreas fault (Solum et al., 2006). Borehole casing deformation 
revealed two low-seismic-velocity, actively creeping, zones of foliated 
rocks (Fig. 1C): a main creeping segment (central deforming zone) at 
3300.07–3302.81 m and a secondary creeping segment deforming at 
lower shear rate (southern deforming zone) at 3191.4–3193 m; both 
the central and southern deforming zones contain serpentine clasts and 
highly sheared siltstones (Zoback et al., 2010) without clear displace-
ment discontinuity at their boundaries. 
EVIDENCE OF PRESSURE SOLUTION CREEP
Based on the microstructural study of samples from the SAFOD core, 
we infer that an important mechanism of aseismic deformation is pres-
sure solution creep, which induces pervasive and irreversible deformation 
of the whole rock. This mechanism is active both in the less deformed 
samples collected from the damaged zone (sample 1) and in intensely 
deformed foliated samples of the creeping zone (sample 2) shown in Fig-
ure 1D. We show that the most highly deformed zones have the highest 
amount of strain accommodated by pressure solution. Evidence of pres-
sure solution is revealed using elemental distribution maps in sample 1 
(Fig. 2A). Stress-driven dissolution associated with horizontal contraction 
is demonstrated by the dissolution of Ca-Na feldspars at feldspar-quartz 
grain impingements along a pressure solution seam, whereas K, Mg, Fe, 
and Ti (phyllosilicates, Fe and Ti oxides, sulfurs) are passively concen-
trated in the same seam (Fig. 2A). Fracturing is associated with pressure 
solution. Contraction perpendicular to the dissolution seam, apparent from 
the grain shape change (Fig. 2A), was estimated to be ~10%. Since there is 
no evidence of redeposition in veins nearby, it may be concluded that the 
soluble species have been transported away from the zone of dissolution.
In sample 2, Ca, Si, and Na are depleted within the solution seams 
where Mg, Fe, Ti are passively concentrated (Fig. 2B). Such a pressure 
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Figure 1. A: Map view of San Andreas fault system showing creep-
ing segment (blue line) with trace of last two M 7.9 earthquakes that 
currently are locked segments (red lines) and transitional zone of 
M6 earthquakes (dotted line); coloring corresponds to contact at 
3 km depth in C. SAFOD—San Andreas Fault Observatory at Depth. 
B: Evolution of creep rate along creeping zone (Titus et al., 2006). C: 
Schematic cross section of SAFOD site, perpendicular to fault; en-
largement shows P wave velocity log (Zoback et al., 2010) together 
with location of four described samples; two creeping faults are 
highlighted in red; enlargement in vicinity of these creeping zones 
(top right) shows casing deformation (blue lines) indicating active 
creep and accurate location of three of the samples. SDZ—south-
ern deforming zone; CDZ—central deforming zone. D: Sketch of thin 
section (sample 2) perpendicular to foliation (red), with minor faults 
(blue) (location of Fig. 2B is shown). 
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solution process leads to a foliation oriented at a high angle to the drill-
hole axis (Figs. 1C and 1D). In contrast to sample 1, calcite minerals in 
sample 2 ﬁ ll a network of veins oriented perpendicular to the solution 
seams, consistent with an extension parallel to the foliation. Finite defor-
mation can be calculated from mineral distribution (Fig. 2C). Three zones 
are distinguished (Fig. 2D): (1) a dissolution zone (with passively concen-
trated chlorites and Fe oxides), (2) a deposition zone (with precipitated 
calcite and occasional Ti oxides), and (3) an initial zone (predeformation 
zone composed of quartz, feldspars, and chlorites). Veins open and seal 
progressively (Mittempergher et al., 2011). Consequently, initial zones are 
dissolved at the beginning of the pressure solution process, then both initial 
and deposition zones are progressively dissolved (Figs. 2E and 2F). The 
relative mass change, ∆M/M0, is calculated using the passive concentration 
of insoluble minerals in the dissolution zone compared with the composi-
tion of the protected zone between solution seams (Figs. 2D and 2E) as:
 ∆M M I I/ /0 1= ( ) −p d , (1)
where Ip and Id are the content in insoluble minerals in the protected and 
in the dissolution zone, respectively, and M0 is the mass of a representative 
volume element before deformation. Two end members of mass transfer 
amount are obtained by comparing the composition of dissolution zones 
with the protected zones: either initial zones or both initial and deposi-
tion zones. The two calculations give about the same amounts of relative 
mass decrease for the dissolution zones (−88% to −90%). A mean value 
of contraction perpendicular to the foliation of ~60% can be calculated by 
taking into account the areas of the dissolution zones (Fig. 2D). A mean 
extension of ~50% perpendicular to the veins is evaluated from the ratio 
of deposition areas to initial areas (Figs. 2D and 2E). The mass decrease 
of each soluble mineral that shows no signiﬁ cant differential alteration 
between protected and dissolution zones can also be calculated (Gratier 
et al., 2003): quartz, −96%; K-feldspars, −99%; Ca-Na feldspars, −98%; 
calcite, −94%. Foliation as mineral segregation appears to be linked to 
the pressure solution creep, with an almost complete disappearance of the 
soluble minerals in the zones of dissolution. Mass conservation calcula-
tions comparing the amounts of dissolved Ca-Na feldspars and deposited 
minerals in veins show that a large proportion of calcite must come from 
outside the studied area, brought by episodic ﬂ uid ﬂ ow (Mittempergher et 
al., 2011). Evidence of dextral shearing is found in thin sections cut nor-
mal to the foliation cleavage from both en echelon fractures (Fig. 1D) and 
crosscutting cleavages (S and S′, Fig. 2B). Consequently, the calcite vein 
network and the solution cleavage surfaces are consistent with a stress-
driven mass transfer process that accommodates right-lateral strike-slip 
movement along the San Andreas fault (Fig. 2B). Similar solution cleav-
age–vein network texture (Fig. 3A) is recorded in samples collected near 
the creeping zone of the southern deforming zone (sample 3, Fig. 2G), 
but accommodating lower ﬁ nite strain than in the central deforming zone. 
Pressure solution creep also develops at grain scale by diffusion-accom-
modated grain sliding (Fig. 3B; Ashby and Verrall, 1973) within highly 
sheared and foliated shale in which feldspar and quartz are depleted by the 
pressure solution process. This can be seen both near the southern deform-
ing zone (sample 3, Fig. 2H) and in the middle of the central deforming 
zone (sample 4, Fig. 3E). Evidence of dissolution is documented at grain 
contacts in the SAFOD creeping zones (Schleicher et al., 2009).
KINETICS OF PRESSURE SOLUTION CREEP
A key issue is whether pressure solution kinetics are consistent with 
the measured permanent fault creep rates (Titus et al., 2006). To solve this 
issue, we propose a model (Fig. 3) where steady-state creeping occurs 
within a vertical shear zone as much as 10 km deep. We use a pressure 
solution creep law for quartz and calcite derived from laboratory indenta-
tion experiments (Gratier et al., 2009; Zubtsov et al., 2005). The strain rate 
ɺε derived from the experimental relationship is: 
 
8 1ɺε σ= ( ) = −( )∆ ∆ ∆d d t DwcV e ds V RTn s3 3, (2)
where c is the solubility of the diffusing solid, V
s
 is the molar volume 
of the stressed solid, R is the gas constant, T is temperature, D is the 
diffusion constant along the stressed interface, w is the thickness of the 
trapped ﬂ uid phase along which diffusion occurs, t is time, and ∆σ
n
 is the 
driving stress as the difference between normal stress on a dissolution 
surface and the ﬂ uid pressure in the vein. In experiments, d is the diam-
Figure 2. Pressure solution evidence. A and B: Elements distribution 
from scanning electron microscopy (SEM) analyses for samples 1 
and 2, respectively; brighter color indicates higher content; small 
sketches show diffusive mass transfer path (red arrows) from solu-
tion seams (black) (S) to ﬂ uid (blue) within vein (white) and ﬂ uid ﬂ ow 
(yellow). C: Mineralogical distribution in white rectangle area of B 
(bottom right), sample 2. D: Same area as C. Top—mineral compo-
sition of deposition, initial, and dissolution zones. Bottom—areas 
of three zones are 27%, 58%, and 15%, respectively. E: Present de-
formed state (top) and restored undeformed state (bottom) of area 
of white rectangle of D with intermediate deformed state (middle). 
F: Evidence of stress dissolution of calcite (arrows) within vein with 
pressure solution seams (S), sample 3. G: Calcite ﬁ lling of fracture 
network (orange) perpendicular to solution cleavage (S) (cathodolu-
minescence, sample 3). H: Stress shadow effect showing evidence 
of pressure solution grain size reduction from protected to exposed 
zone with quartz and feldspar depletion, sample 3. (Images A, B, F, G, 
H can be seen in larger view in the GSA Data Repository1.)
1GSA Data Repository item 2011336, Figures DR1 and DR2, is available online 
at www.geosociety.org/pubs/ft2011.htm, or on request from editing@geosociety.org 
or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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eter of the indenter. In nature, d can refer either to the spacing between 
fractures that corresponds to the diffusive mass transfer distance between 
veins along a dissolution surface (Fig. 3A), to the grain size in the case of 
diffusion-accommodating grain boundary sliding (Fig. 3B). Such a diffu-
sion-controlled pressure solution creep law is likely to operate in condi-
tions prevailing at 6–10 km, whereas for the lesser depths (2–4 km), a 
shift from diffusion control to reaction control is predicted (Renard et al., 
1999), but only if d exceeds 300 µm, which is not likely here (see follow-
ing). It is possible to extend the creep law for quartz obtained at 350 °C to 
lower temperatures within the entire upper crust by assuming an activa-
tion energy of 15 kJ/mole (Rutter and Mainprice, 1978). It is also pos-
sible to extend the creep law to other minerals such as calcite (Zubtsov 
et al., 2005) and feldspars by changing the solubility and molar volume 
parameters. Using such creep laws, with a given stress condition, we can 
estimate the maximum values of d required to accommodate a displace-
ment rate of 20 mm/yr over a 1–3-m-thick shear zone, such as the cen-
tral deforming zone (Fig. 1C). At 3 km depth, a minimum conservative 
value for the pressure solution driving stress is the difference between 
the maximum and the minimum horizontal stress (Shmax and Shmin, respec-
tively). This difference was measured to be ~60 MPa, Shmin being very 
near the overburden stress (Hickman and Zoback, 2004). The same stress 
value was used for the entire upper crust (Figs. 3C and 3D). With this 
model, we show that the maximum required distance of mass transfer 
at 3 km depth varies with mineral composition in the range 90–350 µm 
and 125–500 µm for 1 and 3 m width fault zones, respectively (Fig. 3C). 
These values are larger than the fracture spacing observed for samples 
2 and 3 (solution cleavage–veins process; Figs. 2E–2G). They are also 
much larger than the observed grain sizes in the foliated zones, as in 
sample 3 and 4 (diffusion-accommodated grain-sliding process; Figs. 2H 
and 3E). Since the observed diffusion distances are smaller than a conser-
vatively calculated d value, pressure solution creep can therefore easily 
accommodate the measured displacement rate of 20 mm/yr. The diffu-
sion-accommodated grain-sliding process can accommodate much larger 
ﬁ nite deformations than the solution cleavage–veins process (Ashby and 
Verrall, 1973). For this reason, with increasing deformation, the part of 
the rock deformed by the solution cleavage–veins process, which is also 
relevant to the most rigid part of the deformed zone, is probably progres-
sively dilacerated and dispersed into the creeping zone (e.g., dark gray 
grains, Fig. 3B). Evidence of large patches of sandstone deformed by the 
solution cleavage–veins process can be found in the middle of the central 
deforming zone (sample 4, Fig. 3F). The solution cleavage–veins process 
appears therefore to be a transitory state of deformation, which testiﬁ es to 
the efﬁ ciency of the pressure solution mechanism and is probably super-
seded by the diffusion-accommodated grain-sliding process within the 
most deformed regions of creep.
DISCUSSION AND CONCLUSION
Interaction between creep and seismic (microseismic) fracturing is 
an important issue. Dissolution indenter experiments show that grain-
scale fracturing can drastically accelerate the displacement rate accom-
modated by pressure solution creep (Gratier, 2011); fracturing opens new 
paths for solute transport along ﬂ uid-ﬁ lled fractures, decreasing the dis-
tance of diffusion, d. However, if the fractures are progressively sealed, 
this effect disappears as sealing increases the distance of mass transfer 
(d), and consequently reduces the displacement rate. At grain scale in the 
laboratory, such a microfracture pressure solution sealing process may be 
observed within no less than a few months. In nature, pressure solution 
fracture sealing probably takes several years or decades, depending on the 
spacing and the width of the fractures (Gratier, 2011). This could partially 
explain the effect of the A.D. 2004 M6 Parkﬁ eld earthquake on the creep 
rate southeast of the SAFOD site: coseismic fracturing activated afterslip 
creep (Freed, 2007) that progressively decreased with time as the fault 
healed (Li et al., 2006).
The crucial role of the diffusion distance d is shown in Figure 3D. 
When d is small enough (10–100 µm), steady-state pressure solution creep 
can accommodate the observed aseismic displacement rate of 20 mm/yr 
through the entire upper crust. When d is larger (>100 µm), pressure solu-
tion creep occurs but cannot accommodate the displacement rate and relax 
the stress. Consequently, small seismic ruptures occur (Fig. 3F), in turn 
activating pressure solution creep.
Pressure solution creep is compatible with the low heat ﬂ ow measure-
ments in the creeping section (Zoback et al., 2010), since this process does 
not generate signiﬁ cant heat. Various explanations have been proposed for 
the apparent low friction behavior of the creeping zone. Increases in ﬂ uid 
pressure may reduce the frictional resistance to sliding (Scholz, 2002), 
but elevated ﬂ uid pressures were not measured during drilling, although 
transient increases of ﬂ uid pressure may have occurred episodically in the 
past (Mittempergher et al., 2011). Talc minerals were found in SAFOD 
cuttings and should have a weakening effect (Moore and Rymer, 2007), 
especially if they develop a foliation (Collettini et al., 2009). However, 
there is as yet no evidence for the presence of continuous layers of talc at 
SAFOD (Holdsworth et al., 2011). Alternatively, from experiment on cut-
tings, or laboratory-ground samples, of San Andreas fault creeping zones, 
Carpenter et al. (2011) and Lockner et al. (2011) found friction values as 
low as 0.15–0.2, due to the presence of weak phyllosilicate as saponite. It 
is clear from samples of the San Andreas fault creeping zone (Fig. 3E) that 
the deformation is accommodated by grain boundary sliding. Friction and 
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Figure 3. Pressure solution creep mechanisms. A: Mass transfer 
from solution cleavage (black) to veins (white) with detail of progres-
sive mass transfer process for given element; d is mean diffusion 
distance between veins along solution cleavage; free ﬂ uid in veins 
is blue. B: Diffusion-accommodated grain sliding, with detail of ge-
ometry of progressive grain sliding (Ashby and Verrall, 1973); d is 
mean diffusion distance. C: Distance of diffusive mass transfer d 
versus depth for various minerals required to accommodate 20 mm/
yr horizontal displacement rate by pressure solution creep in verti-
cal shear zone of 1 m width (dotted line, strain rate of 3.3 × 10−10 s−1) 
or 3 m width (dashed lines, strain rate of 1.1 × 10−10 s−1). SAFOD—
San Andreas Fault Observatory at Depth. D: Pressure solution strain 
rate versus distance of diffusive mass transfer through entire crust 
for various minerals; minimum and maximum values for quartz and 
calcite; yellow line is required strain rate for creeping zone. E: Scan-
ning electron microscope image of sample 4, within creeping zone 
of central deforming zone (CDZ), showing mixing of phyllosilicates 
(soft smectite, chlorite, in various grays) and soluble-rigid miner-
als (quartz, feldspars, calcite, serpentine, in white); crack networks 
(black) are linked to dewatering of smectite during sample prepa-
ration. Deformation is accommodated by grain boundary sliding, 
possibly by diffusion for soluble species. F: Remnant of sandstone 
patch deformed by pressure solution cleavage (S)–veins (V) process 
embedded in CDZ creeping zone, with microfaults (F) (sample 4). 
(Images E and F can be seen in larger view in the Data Repository 
[see footnote 1].)
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diffusion may compete to accommodate such grain sliding, but it is likely 
that, at an imposed strain rate, the less energy-consuming process will win. 
Pressure solution driving forces of 10 and 0.01 MPa are enough to accom-
modate 10−10 s−1 strain rate over 3 m width, with 100 and 10 µm grain 
size, respectively, for quartz and calcite at 6 km depth. Moreover, saponite 
becomes unstable above ~150 °C and is unlikely to be found deeper in 
the fault zone than 3.5–4 km. Consequently, as long as the deformation 
requires grain boundary sliding involving soluble minerals, pressure solu-
tion creep is an efﬁ cient mechanism of aseismic creep through the entire 
upper crust down to more than 10 km.
A ﬁ nal question is why, at a given time, pressure solution creep is 
localized along some segments of the fault. The answer may be that pres-
sure solution creep needs speciﬁ c conditions to develop at a signiﬁ cant 
rate. Soluble minerals such as feldspar, calcite, quartz (Gratier et al., 
2003), and serpentine (Andreani et al., 2005) must be present with a reac-
tive ﬂ uid phase. The distance of diffusive mass transfer (d) must be as 
small as possible. This requires very ﬁ ne grained material, possibly related 
to intense seismic fracturing in the San Andreas fault. Soluble grains must 
not seal together in order to keep fast diffusive paths along solution seams 
(Niemeijer and Spiers, 2005). Two processes could avoid such sealing, 
and occur in the San Andreas fault creeping zones, i.e., passive concentra-
tion of phyllosilicates due to soluble species pressure solution depletion 
(Figs. 2H, 3E, and 3F) and the growth of new phyllosilicates (Holdsworth 
et al., 2011). In such a way, phyllosilicates get trapped around the soluble 
species, preventing their sealing and activating diffusive mass transfer. 
Under these conditions, the process is self-organized through a positive 
feedback process, which allows pressure solution creep process localiza-
tion within some fault segments.
ACKNOWLEDGMENTS
We thank S. Hickman and B. Holdsworth for their suggestions on an early 
version, and F. Agosta, C. Colletini, and J. Imber for their comments on the ﬁ nal 
version that signiﬁ cantly improved the manuscript. The Grenoble team was par-
tially supported by CNRS-INSU (Centre National de la Recherche Scientiﬁ que–
Institut National des Sciences de l’Univers) natural hazards program and Agence 
Nationale de la Recherche ANR-09-JCJC-0011-1. Hadizadeh and Di Toro were 
partially supported by U.S. National Science Foundation grant EAR-0545472. 
Di Toro and Mittempergher were supported by a Progetti di Eccellenza Fondazi-
one Cassa di Risparmio di Padova e Rovigo and by European Research Council 
Starting Grant Project 205175. 
REFERENCES CITED
Andreani, M., Boullier, A.-M., and Gratier, J.-P., 2005, Development of schistos-
ity by dissolution-crystallization in a Californian serpentinite gouge: Journal 
of Structural Geology, v. 27, p. 2256–2267, doi:10.1016/j.jsg.2005.08.004.
Ashby, M., and Verrall, R., 1973, Diffusion-accommodated ﬂ ow and superplastic-
ity: Acta Metallurgica, v. 21, p. 149–163, doi:10.1016/0001-6160(73)90057-6.
Carpenter, B.M., Marone, C., and Saffer, D.M., 2011, Weakness of the San An-
drea Fault revealed by samples from the active fault zone: Nature Geosci-
ence, v. 4, p. 251–254, doi:10.1038/ngeo1089.
Collettini, C., Niemeijer, A., Viti, C., and Marone, C., 2009, Fault zone fabric 
and fault weakness: Nature, v. 462, p. 907–910, doi:10.1038/nature08585.
Freed, A.M., 2007, Afterslip (and only afterslip) following the 2004 Parkﬁ eld, 
California, earthquake: Geophysical Research Letters, v. 34, L06312, 
doi:10.1029/2006GL029155.
Gratier, J.-P., 2011, Fault permeability and strength evolution related to fractur-
ing and healing episodic processes (years to millennia): The role of pres-
sure solution: Oil & Gas Science and Technology, v. 66, no. 3, doi:10.2516/
ogst/2010014.
Gratier, J.-P., Favreau, P., and Renard, F., 2003, Modeling ﬂ uid transfer along 
Californian faults when integrating pressure solution crack sealing and 
compaction process: Journal of Geophysical Research, v. 108, no. B2, 
p. 28–52, doi:10.1029/2001JB000380.
Gratier, J.-P., Guiguet, R., Renard, F., Jenatton, L., and Bernard, D., 2009, A pres-
sure solution creep law for quartz from indentation experiments: Journal of 
Geophysical Research, v. 114, B03403, doi:10.1029/2008JB005652.
Hickman, S., and Zoback, M., 2004, Stress orientations and magnitudes in 
the SAFOD pilot hole: Geophysical Research Letters, v. 31, L15S12, 
doi:10.1029/2004GL020043.
Holdsworth, R.E., van Diggelen, E.W.E., Spiers, C.J., de Bresser, J.H.P., Walker, 
R.J., and Bowen, L., 2011, Fault rocks from the SAFOD core samples: Im-
plications for weakening at shallow depths along the San Andreas fault, 
California: Journal of Structural Geology, v. 33, p. 132–144, doi:10.1016/j
.jsg.2010.11.010.
Li, Y.G., Chen, P., Cochran, E.S., Vidale, J.E., and Burdette, T., 2006, Seismic 
evidence for rock damage and healing on the San Andreas fault associated 
with the 2004 M 6.0 Parkﬁ eld earthquake: Seismological Society of Amer-
ica Bulletin, v. 96, p. S349–S363, doi:10.1785/0120050803.
Lockner, D.A., Morrow, C., Moore, D.E., and Hickman, S., 2011, Low strength 
of deep San Andreas fault gouge from SAFOD core: Nature, v. 472, p. 82–
85, doi: 101038/Nature09927.
Mittempergher, S., Di Toro, G., Gratier, J.-P., Hadizadeh, J., Smith, S.A.F., 
and Spiess, R., 2011, Evidence of transient increases of ﬂ uid pressure in 
SAFOD phase III cores: Geophysical Research Letters, v. 38, L03301, 
doi:10.1029/2010GL046129.
Moore, D.E., and Rymer, M.J., 2007, Talc-bearing serpentinite and the creeping 
section of the San Andreas fault: Nature, v. 448, p. 795–797, doi:10.1038/
nature06064.
Nadeau, R.M., and Dolenc, D., 2005, Nonvolcanic tremors deep beneath the San 
Andreas Fault: Science, v. 307, p. 389, doi:10.1126/science.1107142.
Niemeijer, A., and Spiers, C.-J., 2005, Inﬂ uence of phyllosilicates on fault 
strength in the brittle-ductile transition: Insight from rock analogue experi-
ments, in Bruhn, D., and Burlini, L., eds., High-strain zones: Structure and 
physical properties: Geological Society of London Special Publication 245, 
p. 303–327, doi:10.1144/ GSL.SP.2005.245.01.15.
Renard, F., Park, A., Ortoleva, P., and Gratier, J.-P., 1999, An integrated model 
for transitional pressure solution in sandstones: Tectonophysics, v. 312, 
p. 97–115, doi:10.1016/S0040-1951(99)00202-4.
Rutter, E.H., and Mainprice, D.H., 1978, The effect of water on stress relaxation 
of faulted and unfaulted sandstones: Pure and Applied Geophysics, v. 116, 
p. 634–654, doi:10.1007/BF00876530.
Schleicher, A.M., Tourscher, S.N., van der Pluijm, B.A., and Warr, L.N., 2009, 
Constraints on mineralization, ﬂ uid-rock interaction, and mass transfer dur-
ing faulting at 2–3 km depth from the SAFOD drill hole: Journal of Geo-
physical Research, v. 114, B04202, doi:10.1029/2008JB006092.
Scholz, C., 2002, The mechanics of earthquakes and faulting: Cambridge, Cam-
bridge University Press, 439 p.
Solum, J.G., Hickman, S.H., Lockner, D.A., Moore, D.E., van der Pluijm, B.A., 
Schleicher, A.M., and Evans, J.P., 2006, Mineralogical characterization of 
protolith and fault rocks from the SAFOD Main Hole: Geophysical Re-
search Letters, v. 33, L21314, doi:10.1029/2006GL027285.
Titus, S.J., DeMets, C., and Tikoff, B., 2006, Thirty-ﬁ ve-year creep rates for 
the creeping segment of the San Andreas fault and the effects of the 2004 
Parkﬁ eld earthquake: Constraints from alignment arrays, continuous global 
positioning system, and creepmeters: Seismological Society of America 
Bulletin, v. 96, p. S250–S268, doi:10.1785/0120050811.
Zoback, M., Hickman, S., and Ellsworth, W., 2010, Scientiﬁ c drilling into the 
San Andreas fault zone: Eos (Transactions, American Geophysical Union), 
v. 91, p. 197–199, doi:10.1029/2010EO220001.
Zubtsov, S., Renard, F., Gratier, J.-P., Dysthe, D.K., and Traskine, V., 2005, Sin-
gle-contact pressure solution creep on calcite monocrystals, in Gapais, D., 
et al., eds., Deformation mechanisms, rheology and tectonics: From miner-
als to the lithosphere: Geological Society of London Special Publication 
243, p. 81–95, doi:10.1144/ GSL.SP.2005.243.01.08.
Manuscript received 14 January 2011
Revised manuscript received 31 May 2011
Manuscript accepted 9 July 2011
Printed in USA
 as doi:10.1130/G32073.1Geology, published online on 21 October 2011
